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SUMMARY

This paper addresses the neural network (NN) output feedback formation tracking control of non-
holonomic wheeled mobile robots (WMRs) with limited voltage input. A desired formation is
achieved based on the leader—follower strategy utilizing hyperbolic tangent saturation functions to
reduce the risk of actuator saturation. The controller is developed by incorporating the high-gain
observer and radial basis function (RBF) NNs using the inverse dynamics control technique. The
high-gain observer is introduced to estimate velocities of the followers. The RBF NN preserves the
robustness of the proposed controller against uncertain nonlinearities. The adaptive laws are also
combined by a robust control term to estimate the weights of RBF NN, approximation errors, and
bounds of unknown time-variant environmental disturbances. A Lyapunov-based stability analysis
proves that all signals of the closed-loop system are bounded, and tracking errors are uniformly ulti-
mately bounded. Finally, some simulations are carried out to show the effectiveness of the proposed
controller for a number of WMRs.

KEYWORDS: Actuator saturation; Adaptive robust control; High-gain observer; Leader— follower
formation; Radial basis function neural network; Wheeled mobile robots.

1. Introduction

The motion control of wheeled mobile robots (WMRS) is an attractive research area due to the
challenging theoretical nature of underactuated systems. Over the last few years, the cooperative
and formation control of multiple autonomous mobile vehicles has been a subject of considerable
research efforts due to the redundancy, robustness, and efficiency of vehicle teamwork with respect
to a single robot. The formation control of wheeled mobile vehicles can be efficiently employed
in various applications, such as the exploration, surveillance, security patrols, search, rescue, and
various military missions. Various control strategies for mobile robot formations can be divided into
three major approaches, namely behavior-based formation control,>? virtual structure method,** and
leader—follower approaches.>% Among them, the leader—follower architecture has been widely used
due to its simplicity, scalability, and reliability.

One of the pioneering leader—follower-based controllers was introduced by Desai et al. in 1998.7
Most of the current researches based on this approach only considered the kinematic model of mobile
robots, which require the perfect velocity tracking assumption.®° It is noteworthy that the controller
design based on a kinematic model has an acceptable performance only at low speeds and when the
robot is not under high loads. Hence, many leader—follower formation control design methods!'®-'?
considered the nonlinear dynamical model to improve the performance of the controller. As shown in
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70 High-gain observer-based control of mobile robots

ref. [14], a traditional model-based adaptive controller was designed using the inverse dynamics tech-
nique for a single WMR. However, it is generally useful only for systems in which the dynamics are
linear-in-parameters. Just as described in refs. [10-13], the proposed approximation-based control
techniques, such as fuzzy, neural network (NN), optimal, model predictive, and robust controllers,
were developed to compensate functional uncertainties and unknown time-varying environmental
disturbances. It should be pointed out that most of the previously presented controllers require veloc-
ity measurements of all agents that are not easily measurable because of noise contamination and
communication delays. Moreover, from a practical viewpoint, velocity sensors like tachometers may
increase the implementation cost and weight of the system. One powerful solution to leave out veloc-
ity sensors is the design of output feedback controllers. Towards this end, the output feedback control
schemes were designed for mobile robots in different works, including refs. [15-23], which is very
demanding due to the nonholonomic constraints. Furthermore, the existence of parametric and non-
parametric uncertainties in the kinematic and dynamic models of mobile robots makes this problem
more challenging. In ref. [15], an output feedback controller was developed for the dynamic model of
a unicycle-type mobile robot using a coordinate transformation in order to cancel the velocity cross
terms in the WMR dynamics. It was, however, assumed that all parameters must be known. In refs.
[19-23], the output feedback formation controllers were proposed in the presence of model uncer-
tainties. Besides the previous works, the high-gain observer technique, which was first proposed by
Khalil et al. in ref. [24], has evolved into an important tool to reach the output feedback control of
uncertain nonlinear systems.?>26 It can estimate the time derivatives of the system output by properly
adjusting gains of the proposed observer. The actuator input constraint is also one of the major prob-
lems that occur in the control of actuated dynamic systems. Most of the presented works, including
output feedback controllers,'3>3 assume that WMR actuators are capable of accepting every level
of voltage signals. The main challenge usually arises when a large amplitude of the control signal
is required to obtain a good tracking performance of hard reference trajectories, which can cause
saturation of actuators. Therefore, it may lead to serious physical damages, thermal or mechanical
damages of robot actuators. This problem can be alleviated by employing saturation functions to the
design of tracking controller. Motivated by the above literature review, main contributions of this
paper are stated as follows:

(1) In this paper, a neural adaptive output feedback linearizing formation control of WMRs is
addressed for the first time. Compared with many previous works,'">* our proposed track-
ing controller does not require velocity measurements for real implementations by designing
a high-gain observer.

(i1) In contrast to previously proposed controllers, our presented output feedback formation
controller takes the input constraint into account. For this purpose, the hyperbolic tangent satu-
ration function is applied to the design of the inverse dynamic controller in order to bound the
tracking error variables.

(iii)) The proposed controller retains its robustness against uncertain parameters, external distur-
bances, and frictions by incorporating an RBF NN and an adaptive robust controller.

15-23

A Lyapunov-based stability analysis was used to prove that all signals in the closed-loop sys-
tem are bounded and the position tracking errors are uniformly ultimately bounded (UUB). Finally,
simulation results are provided for a number of WMRs to illustrate the efficiency of the proposed
controller.

The rest of the paper is organized as follows. In Section 2, the problem statement is presented. In
Section 3, main results of this paper, including the proposed adaptive robust neural output feedback
formation controller design and its stability analysis, are presented. In Section 4, some numerical
simulations are provided to evaluate the controller performance. Finally, conclusions are given in
Section 5.

2. Problem Statement

2.1. Notations
Throughout this paper, |x|| :=+/x7x is used as the Euclidean norm of a vector x € R", while the
induced norm of a matrix A € X" is defined as ||A| ;= /Amax{ATA}. The matrix I, denotes
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Fig. 1. A planar illustration of the WMR.

n-dimensional identity matrix. Api,(e) and An.(e) denote the smallest and largest eigenvalues of a
matrix, respectively. To facilitate control design and stability analysis, the following notations are also
used: Tanh(p;) = (tanh(py,), . .., tanh(p,))" and Sech?®(p;) = diag(sech®(p1,), . .., sech®(pui)),
where p; = (pii, p2ir - - - » pui) |5 diag(e) denotes a diagonal matrix; tanh(e) and sech’(e) =1/
cosh?(e) are hyperbolic tangent function and its derivative, respectively. Furthermore, the subscript i
is used to represent the number of each follower in the group.

2.2. WMR model description
Consider a team of N identical nonholonomic unicycle-type mobile robots whose dynamic model is
described, as follows, for ith robot according to Fig. 1:%’

pi=Gi(p)vi(t), i=1,2,...,N (1)

Mi(pdpi + Ci(pi, ppi + Bi(p)Fi(pi) + Bi(pi)ta = Bi(p)ti — Al (p) ki 2)

The posture of the ith robot is specified by p; = (x;, yi, ¢:)7, where (x;, ;) denotes the actual Cartesian
position for the front of the robot and ¢; is the heading angle. v;(t) = (v ;(£), v.;())T is made up of
linear and angular velocities, respectively. Under the hypothesis of pure rolling and nonslipping con-
ditions, each vehicle satisfies the nonholonomic constraint A;(p;)p; = 0, where A;(p;) € R'*3.28 The
full rank rotation matrix G;(p;) € %>*? consists of smooth and linearly independent vector fields that
are in the null space of A;(p;), such that A;(p;)Gi(p;) = 0. Moreover, M;(p;) € R**3 is a symmetric
positive definite inertia matrix, C;(p;, p;) € R**? is the centripetal and Coriolis matrix, B;( p;) € R**?
is the input transformation matrix, F;(p;) € W**! denotes the friction vector, 7, € R?*! denotes the
bounded unknown disturbances, 7; € R?*! is the torque vector that is generated by wheel actuators,
and A; € N is Lagrange multiplier that denotes constraint forces. The model matrices are defined as
follows:

cos ¢; 0 0 0 med;p; cos ¢; COS @; COS @
Gi(p)=| sing: 0 |, Ci(pi,p)=| 0 0 madigising; |, Bi(p) =+ | sing; sing;
0 1 00 0 bi  —b;
, (3)
m; 0 mcidi S @;
M;(pi) = 0 m; —med; cos ¢; |, Ai(pi) = (sing; —cos ¢; 0)
meid; $in @; —my;d; cos I;

where m; = mg; + 2m,,; and I, =1, + 21,,; + mc,-dl-2 + 2mwibi2 and all robot parameters are defined in
Table I. To include actuator dynamics in (2), it is assumed that the robot wheels are driven by two sim-
ilar brush DC motors with mechanical gears.'* The dynamic model of DC motors can be represented
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72 High-gain observer-based control of mobile robots
Table I. Definitions of WMR parameters and variables.
Parameter/variable Description
T Radius of each driving wheel
2b; Distance between two diving wheels of the robot
d; Distance between the center of mass P,; of the robot and middle point Py,
Mei Mass of the platform without the driving wheels and the rotors of DC motors
My Mass of each driving wheel plus the rotor of its motor
I Moment of inertia of the platform without the driving wheels and the
rotors of the motors about a vertical axis through P,;
1 Moment of inertia of each wheel and the motor rotor about a wheel diameter
K Matrix of motor torque constants
R, Matrix of armature circuit resistance
L, Matrix of armature circuit inductance
K Matrix of back electromotive force constant
n; Gear box ratio
Ty, € N2 Vector of torques generated by DC motor
ig; € N2 Vector of armature current
Uy € N2 Motor input voltage vector
é,,,l. Angular velocity of the DC motor

by 1, = Kil,, and u,, = L, di,, /dt + Ra,» ig, + Kb,-ém,., where all parameters and variables are shown
in Table I. By ignoring armature inductance and considering relations between torque and velocity
before and after gears 6,,, = r?ié,- and 7; = n;7,,, the delivered torque to WMR wheels by the actuators
is given by t; = Kj;u,, — K»;0;, where Ky; = n;K;;/R,, and K»; = n;K;;K,; are actuator parameters. By
considering a transformation matrix X7, € %22 that transforms wheel velocity to pseudo-velocity
vector, the input torque vector can be rewritten as:

T = Kyittg, — K2 X1,vi 4)
After substituting (4) into (2), one obtains:
Mi(pdpi + Ci(pi, pbi + Bi(p) Fi(pi) + Bi(pi)Ta, = Bi(pi) (Kijtta, — KaiXrvi) — Al (p)hi - (5)
By differentiating (1), one obtains p; = G,-( pi)vi + Gi(pi)v;, which is replaced in (5); then, by
multiplying both sides of (5) by G7 (p;), the following dynamic equation is achieved:
Mi(p)vi(t) + Ci(pi, pvi(t) + Fi(pi) + T, = K1iBi(piug,. (6)
where Mi(_pi) =G'M;G;, Ci(pi, pi) = G,-TMiGi + GI' CiG; + K»BiXr,, Bi(p:;) = G!B;, Fi(p;) = B;F;
and 7,4, = B;74,, which are defined as follows:

i py) = m; 0 (i pr) = 2K2i/ri2 Meid;@; Bi(py) = L/ri 1/ o
o 0r) " —meidig; 207 Ko [rF )T bi/ri =bi/ri

Property 1: The bounding functions [G;(p)ll < g mi < IMi(p)|l < ma IICi(pi, p)ll <
crillvill, 1241l < i, and |Fi(p)ll <fi; + faillvi]l are valid for the presented kinematic and dynamic
models of nonholonomic robots, where gy;, m11;, ma;, €1, T1is f1i» and fo; are positive scalar constants.?

2.3. State space representation
The kinematic model (1) and dynamic equation (6) may be combined into the following state space
representation in companion form:

(i _ ( Gi(pi 0 0 0
Xl_<"’i>_< 0 >+(_Mi_1ci(piapi)vi + kM ' B; Hat =M (Fi(p) +7a) )

SiGxi) qi(xi) 8i(xi) Ai(x;)

®)
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Fig. 2. A leader—follower formation control scheme.

where x; = (p!, vI)T € %3 is the state vector, and f;(x;), ¢i(x:), gi(x;), A;(x;) € R are smooth vector
fields with g;(0) #~ 0 for holding the controllability of the system. The trajectory tracking problem
will be solved by applying differential geometric control theory based on this representation.

2.4. Control objectives and mathematical preliminaries

Definition 1. [30] The solutions of x =f (¢, x) are said to be UUB, if there exist positive constants
b and c, independent of the initial condition ty > 0 and for every a € (0, ¢), there is a time ty > 0
independent of ty such that if ||x(tp) || < a, then ||x(O)|| < b, for all t > ty + t;.

Definition 2. Given a smooth bounded reference trajectory p(t) = (x4, ya, ¢a)”, which is gener-
ated by an open-loop motion planner called the virtual leader robot and satisfies the nonholonomic
constraints, that is, A(pg)pa = 0, the control objective of this paper is to design the voltage control
input vector u,, for ith follower under the following requirements:

(1) Follower i tracks the virtual leader such that lim |,o,~(t) — ,oid(t)| <&, and lim |0,-(t) — Gfl (t)| <
t—00 —00

gg where p, () and 6;(#) are the range and relative angle of ith follower with respect to the virtual
leader, respectively, which are obtained by sensor measurements. p¢(¢) and 6 (¢) introduce their
desired values, respectively, which are commanded by the user (see Fig. 2). The terms ¢, and
&g are arbitrary small positive constants. Therefore, the tracking error ¢;(f) = z;(t) — z4(t) € R?
is at least UUB, where z,4(¢) = (x4, y4)! and the output vector z;(¢) is defined as follows:

%0 = hi(pi(0)) = (x; + pf cos (91 +67), yi + pt sin (¢ +67))" 9

(i) The velocity measurements of followers are not available for feedback in real time.

(iii) The robustness of formation controller can be guaranteed in the presence of uncertain dynamics
and environmental disturbances.

(iv) The controller design takes the actuator saturation problem into account for all agents to avoid
a poor tracking performance in the transient response during formation construction.

Assumption 1. The reference trajectory is generated by the virtual leader whose motion equa-
tions are given by (1) and (6) such that the leader states and derivatives, including pg, vq, V4 and
accordingly py and p4, are bounded and available signals for all followers.

Assumption 2. The desired formation vector q? = (pid , Gid T'is chosen such that q;j(t), é]?(t), and
4! (1) are bounded. Thus, Sup || g ()|l < Bapi» Sup 147 Dl < Bavi » and Sup |G (1) | < Baai» where Bapi,
>0 =0 >0

Bavi» and Bau; are unknown positive constants.
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74 High-gain observer-based control of mobile robots
Assumption 3. The positions and orientations of all followers are measurable in real time.
However, their velocity measurements are not available for feedback.

Remark 1. Since this paper ignores the collision avoidance problem between the followers, the
leader is considered to be virtual, and each robot only needs the virtual leader states and its own
information; the communication between all robots is not considered in this paper, and our main
focus is design of the controller and its stability proof in the next section.

Remark 2. As proved in refs. [31] and [32], the internal dynamics of a WMR is stable in moving
forward, but it is unstable when moving backward.

Remark 3. If at least one constraint is nonholonomic, it suggests that the system is not input
state linearizable. However, it may be input—output linearizable by choosing a proper set of output
equations as (9).283334

2.5. WMR formation input—output model
The basic way to obtain an input—output model is differentiating the outputs repeatedly to make an
explicit relation with inputs. By differentiating (9) and considering (8), one obtains:

2 = Lghi(x;) + Ly, hi(xi) + Lo, hi(pug, + Lahi(pi) = Ji(pi)vi (10)

where Lﬁhi(x,-) = Vh;, Lq,,hl-(x,-) = Vhq;, Lgihi(x,-) = Vh;g;, and LAI.I’I,'(X,') = Vh;A; denote the Lie
derivatives of A; along the direction of the vectors f;, ¢;, g;, and A;, res.pectively,30 and Vh; represents
the gradient of h;, J;(p;) = Jy,(pi)Gi(pi), where J;, (p;) = 8h,~(p,-)/8pi denotes the Jacobian matrix.
As is clear from (10), the output is not related to the actuator input. By differentiating again, it yields:

Zi= ngihi(xi) + Ly Lphi(xi) + La,Lphi(pi) + Lo, Lphi(pi)ug, (11)

Lihi(xi) =3 (p)Gi(pivi) [ 9piGi( pi)vi

Ly Lihi(x)) = —Ju(p)Gi(p)M; ' Ci(pi, pi)vi
LaLehi(p)) = = (pDGi(p)M; " (Fi(pi) + Ta,)
Lo, Lihi( pi) = i (p)Gi( p) K1:M; ' B;

12)

where Ly Lshi(p;) :=D;(p;) is introduced as the decoupling matrix. With the assumption
det(D;(p;)) # 0, the systems (8) and (9) are input—output linearizable.

3. Main Results

3.1. Nonlinear control law design and RBF NN approximator structure
In this section, the input voltage vector u,, is designed as a nonlinear control law for applying to the
inner loop feedback as follows:

U, =lA),-_1(pi) (ni— L%hi(xi)) (13)

where 7; € 2 represents the new external input vector. Due to the fact that the decoupling matrix
D;(p;) includes unknown parameters, it is replaced by its estimation D;( p;) according to the certainty
equivalence principle. By substituting (13) into (11), the following expression is obtained:

Zi=ni+ Ly Lyhi(xi) + La Lehi(pi) + (Di(pD; (pi) — 1) (ni — Lﬁhi(xi)) (14)

The RBF NN is used to approximate the terms of nonlinear parametric uncertainties in (14), including
the mass, moment of inertia, and actuator parameters,”® which are employed below for the following
nonlinearity:

ni(x;) = Lq Lphi(x;) + (Di(p)D; " (pi) — 1) (i — L]%hi(xi)) (15)
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Then, there exists an RBF NN with three layers and / nodes for a given continuous function 7;(x;) :
NS — N2 as #; (x;|W;) = W& (x;) such that

N T
~ WlTi 01><l
wi=( " (16)
O1sz w3
LS. . . . . ~ ~ ~ ~ T
where W; is the weight matrix, including adjustable parameters w, ; = (wkl Wi s - e e Wy l.) , k=

1, 2 that can be updated by an adaptive law, which will be defined in the next section; &;(x;) =
&), & ;0T with & () = (& ;) Ep (), - - -+ & ;)T k=1, 2 is a neural basis function
vector, which is fixed a priori by the designer:

E4.i(xi) = exp (=l — il /i), J=1.2.....1 (17)

where &;; ;(x;) is jth Gaussian basis function, and 4, ; and Cyj,; are the center and width of the Gaussian

function, respectively. It is considered that x; and W; belong to compact sets Q. C M and Qy, C R,
respectively. The ideal constant weight vector W} is introduced as:

W;“ = arg min { sup |ni(xi) - ﬁi(x,-iW,-)| (18)
W,-EQW,- x,»eQxi

Here, Wi shows the estimation of W;. The neural estimation error is defined as &;(x;) = n;(x;) —
n;(x; |W;). The nonlinear parametric uncertainty n; is written as n;(x;) = Wl-*TS,- (x;) + &;. Then, (15)
is rewritten as follows:

L=+ W EX) 4o (19)

where o = La,L;hi(p;) + &; includes nonparametric uncertainties. Assuming that ||La,Lghi(p)) || <
Ba, and |l&;|| < Be,, the term o] can be bounded as ||} || < oy, where oy = Ba, + B,

Assumption 4. The ideal NN weights are bounded such that ||W,-|| < Wy, where Wy, is an
unknown positive constant.

3.2. High-gain velocity observer design

In real-world applications, the output position vector, including the robot position and heading, can
be measured using a global or local sensor. However, the robot velocity vector is difficult to be
measured. Therefore, the high-gain observer is employed in this paper to provide the estimation of
the velocity vector in the presence of uncertain dynamics and unknown disturbances to implement
the output feedback control system.

Lemma 1. [25,35] Suppose the system output z;(t) and its first n — 1 derivatives are bounded,

that is, |z§’)| <Z,, r=0,1,...,n—1) with positive constants Z,;. Consider the following linear
system:
8,'7'Tqi=7t(q+1)i, q=1,2,...,n—1
. (20)
8iTtni = —V1iTtni — V2iTtl(n—1)i — = =+ — Yn—1)iT2i — 71; + 2i(?)
with 8; being a small positive constant, and the parameters yi;, . . ., Vn—1)i are chosen such that the

polynomial s" + y1;8""" + - - - + Yu_1yis + 1 is Hurwitz. Then, the following properties hold:

(1) weinifd] — 2 =87, r=0,1,...,n—1
where ¢; = 10, + Vit (n—1)i + -+ + + Yu—1)iT1; and @i(r) denotes the rth derivative of ¢;.

(2) There exist positive constants t* and fB,; only depending on Zq_1)(r=1,2,...,n), 6; and
Yai(g=1,...,n—1), such that |g5l.(r)| < By forall t > t*.

Remark 4. Note that ;1) / 8! asymptotically converges to zl@, if z; and its first rth derivatives
are bounded. Hence, 741 / 8; for (r=0,1,...,n—1) is a suitable observation to provide the
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76 High-gain observer-based control of mobile robots

estimations of the unmeasured output derivatives up to (n — 1)th order. Moreover, Eq. (20) only
depends on the available output signals of the system, and it does not include any information about
the mathematical model of the system with unavailable state variables. These advantages cause the
high-gain observer to be attractive in the output feedback control design for a class of nonlinear
systems with available output, uncertain dynamics, and unknown disturbances.

We can construct the high-gain observer for the formation tracking control of robots as follows:

871 = T4, 21
8i7r0i = — Y12 — 71 + Zi (D), (22)

where 71, m5; € 2 are the state vectors of the high-gain observer. Then, the estimations of z;(¢)
and its first derivative z;(¢) are presented by:

A

Gi=z=m Li=ma/s (23)
According to (10) and (23), the velocity estimation of each mobile robot is obtained by
bi=J7 (i) (2i/8:) (24)
Regarding (24) and item 1 of Lemma 1, one achieves:
G fi= /8 — b = — 81 (25)
where ¢; = my; + y);771;. Furthermore, from (25) and item 2 of Lemma 1, one gains:

|2 — 2] = 8| @] < 8B (26)

3.3. Proposed controller and stability analysis

In this section, an adaptive robust neural output feedback formation controller is designed based on
the high-gain observer. When velocity measurements are available, the following filtered tracking
error-like signal ey, (1) € M2 is defined to design the controller:

e (1) = ¢;(t) + Ap Tanh(e;) (27)

The hyperbolic tangent function is used to bound the tracking error variable. This technique helps us
reduce the risk of actuator saturation effectively. Then, the following error dynamics is obtained:

& (D) = i+ W () + o — Z4(1) + A, Sech®(e))é; (28)

where o] is defined in (19). Since ¢; is not available without velocity measurements, the filtered
tracking error-like signal, that is, er(7), is replaced by its estimate as follows, by employing (23):

&,(t) = &,(t) + A, Tanh(e;) = 12(1) /8 — 24() + A, Tanh(e;) (29)

Then, a neural adaptive robust Proportional Derivative (PD)-like controller is proposed based on the
high-gain observer (21) and (22) as follows:

0 =Za(t) — k5, (1) — A, Sech® (ene; — W! &) — H(ep)é,. (30)

where the elements of W; and ay, are updated by the following adaptive rules:

Wei = Y& i(Res, — ow,, Yw, Wi, 3D
au, = Yo, Hi(8r)er — v, u(anr, — %?41.), (32)

where yw, ,(k=1,2) and y,, denote adaptive gains, oy, (k=1, 2) is a design constant, and £2; =
diag(wy ;, wy,;) is a positive definite matrix. H;(es) = diag(tanh(ey; / €ay,), tanh(ey,, / €ay,)) Where

. . T,
€q; > 0 (k=1, 2) is used as a robust term. The design constant vector “1(1)/1,- = (oz,?,,] e oz,(‘)l2 ,-) is defined

with ozl?,,k.i > 0, k=1, 2. Main results of this paper are summarized by the following theorem:

Main theorem: Consider the motion equations of WMRs, which are given by (1)—(2). Given a
bounded continuous desired trajectory, under Assumptions 1-4 and Lemma 1 and Egs. (13), (16),
(21), (22), and (29)—(32), the neural high-gain observer-based controller, derived below,
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g, = D7 (i) (Za(0) — k25, (6) — Ap,Sech® (ee; — W Ei(k) — H(@p)om, — Lhi(xy)),
T

A W1 i YixI A ANA ~

W; = ( AT ) y Wki= ka,isk,i(xi)efk,i = OW,.; YW Wk.i>
0151 wy; (33)

OlM = )/a,H (ef)ef, yOtiQi(&Mi - al(l)l,-)’

e () = ei(t) + Ay Tanh(e;), ei(t) =ma(t)/8; — z4(1),

8i7r1i(1) = m2i(1),  8;712i(8) = —y1imai(t) — 71 (2) + zi (1),

ensures that all robots track a desired formation such that tracking and observation errors are UUB
and converge to a small ball containing the origin.

N
Proof. Consider the Lyapunov function V(r) = > V;(¢) for the overall formation system such that
i=1

Vi(t) =0.5¢] e; + Z 8, Ln cosh(e; ;) + Z 0.5%W] k1 yw,, + 0588 @,/ Ve (34)
Jj=1 k=1

where &y, =y, —aM and Wy ; = Wy —wzi are the parameter and weight estimation errors,

respectively. The time derivative of (34) along (27) and (28) leads to:
Vi(t) = ef (i + W' E:(xp) + of — zd(t) + ApSech?(e:)é;) + Tanh (e;) A ez, (1)

35
—Tanh’ (e; )A2 Tanh(e;) + Z Wi ,Wk i/ Yw, + &y on /Ve; (35)
By substituting (30) into (35) and using (31) and (32), one obtains:
Vi(t) = —egk e (1) — ey T(WTgG) — Wi &) — ef (Hi(&r)ay, — o)
ef A Sech (e)ey + TanhT(e,)Ap,ef, (1 — TanhT(e,)A2 Tanh(e,) (36)

+ Z wk,lgk,i(xl)eﬁ( Z Uszwk ,Wk i+ aM (H (ef)ef - (aMi - al(t)li))
k=1

where e, (1) =& (t) — e (1) = Z;i() — zi(¢), which is bounded by (26). Regarding the bounded
Gaussian function in this paper, it is assumed that [|& ;(X;)|| < qx.; (k =1, 2) with constants g ; > 0.
Therefore, according to Young’s inequality and the property & ;(Xx.;) — &k.i(xk.i) = 8iSy,,;» where S,
is a bounded vector function,® one gets:

—el (W &) — Wi &) + i W, Gy, = —ef (W] + W )&
el W Ei(x) + eTWT&(x,)
_efW sl(x,)—efW* (—8:S:) =Z L6, Goeg, +Zwk,55zk,€ﬂ
=3 (91 I8, G2y ) + X wi'diSu.eq, < > (% g P + o 12,1%) o

k=1 k=1 k=1

2
T
+ Z w,t’l.é,-S,kvieﬁi
k=1 '

LS}

N

e

2
Uw'i ~ 1~ ~ 1 1
< 3 SR+ S A+ e+ 3 X (IS, PP

k

Il
-

where Ay =diag(2q, ; / O, 242, / Oy,,). By considering (32), one obtains:
—ef (Hi(e)am, — orf) + gy (Hi(ep) ey, — (G, — iy )
2

=> (eﬁ‘iaj‘,,k — ef, tanh (5 )onk + 5, tanh ( i )oth ) -y w,c,,-&Mk,,-(&M,- - 051?4,.) 38)
k=1

k=1
2 2
= Z (lefk,ila;;lk — € tanh ( Cog; >&M + efk tanh ( )aka> - Z wk,i&Mk,i(&Mi - al(l)/l,-)
k=1 k=1

www.manharaa.com




78 High-gain observer-based control of mobile robots
Considering the following property of the hyperbolic tangent function,

0<|x|— x tanh(x/a) <0.2785a, VYa>0, x €N 39
and |tanh(?zﬁ / 8ai)| < 1, one achieves:

leg,. oy, — e, tanh( )&M +é, tanh( )CYMk,,.

= ley,, eszlaMk + e;,, tanh <‘9 )&M tanh( :iti)(xj{m

I i, i Afkt oy
<ley loyy, , — &, tanh (—k>onk + leg, lag, , + ¢, tanh k[>aMk.i

- (40)
<0.2785¢q oy, . + lég lajy, , + €, tanh ( )on +ep, tanh( f’;’j)aj}kvi
|efk,i| et i |efk,i| +iy ‘efk,i‘ +or, i
<0.2785¢q, 0, + —5 "+ 5+
= 0.2785¢q, af  + 3 [e, " + iy + 1@
- sak.iaMk,i + 2 |efk»i| + aMk.i + EaMk,i
Moreover, it is easy to write the following relation:
5o (A 0y_ _ 1, =2 2 0 )2
—W, OMy; (aMi - aMi) - _Ewk.iaMk 2 k,(O‘M - aM) + 2wk,(aM,~ - aM,-) (41)

1 02
< =30, 8y, + 30, (a5, — o)

By substituting (40) and (41) into the right-hand side of (38), one obtains:

—ef (Hi(eg)am, — o)+ (Hi(ep)é, — Qi(@m, — )

2
= 3 (02785eu, 0y, + 3 (6" + i, + 3E,, ) + z (—3e,d2,, + S0 (o, - a&i)z) (42)
k=1
T
=0.2785ET oy t+ % |eﬁ| + ey, 12+ 5”“%”2 - §O‘M,-Qi0‘M,- + %(a}{‘,,i — aMi) Qi(a;‘,,l_ — aMi)
where E; = (&4,,. £a,,)” . By taking the following inequality into account

~T ~ ~ 2 A 2 2 ~ 2 2
2w Wii = Wy 17+ 10 17 = w17 = 1w 17 = llwi 17, (43)

one obtains:

O,
ka 2 Whk,i 1| ~ 2
- Z O Wi Wi < Z llwi Z 1791 (44)

k=1

Considering ey, (1) = éi — %, (26), ||Sech®(e))|| < 1, and Young’s inequality, we have:

lele, | = lle, 11> = |5 — 2| < 8283 (45)

—efky e = —efky (2, +e;) < Sllep 1> + Shmax (KL K H 12, 11 — ef ke

N (46)
< e 112 + Saman { KD Ky }82 B2 — Amminthn Hley 112
—ef Ay, Sech®(e)ey, (1) < lleg|l. I Ay, II-I1Sech® (el l1&7, (1) |

1 1 1 1 (47)

= E)\'max{Ap,'}”efi ”2 + E}"maX{Ap,'}”eﬁ (t)||2 = E)Lmax{Ap,-}Hefinz + j)bmax{Api}Sizﬂzzi

1 1

Tanh" (e;) A pes < Ekmx{l\pi}IITanh(ei)|I2 + E)Lmax{Ap,'}”efi I* (48)
— Tanh (e;) A, Tanh(e;) < —hmin{ A}, }| Tanh(e;)||? (49)
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Substituting (37), (42), and (44)—(49) into (36) and changing the arrangement, it yields:

Vi = _()Vmin{kpl- —bL} - )Lmax{Ap,-})”efinz - ()\min{Azi} - %)\max{Api})”Tanh(ei)”2

2
s O ) Jmin{ Qi) =1 ~ 1
— min { S}y I — 220 @ 17 + 5 3 OF 1S, 1P + 0 W11
=5 k=1

(50)
ey 17 +0.27858  ay, + L (g, — o) Qulagy, — o)
1 (Ao KK, + A+ A} +3) 5763
The inequality (50) is re-written as follows:
Vilt) < = lIxII” + s, (51
where x;,, ¢,,;, and ; are given by
x, = (el Tanh" (), Wi, W5 . Gy, (52)
. 1 . [ Owe; )] Amin{S2i} — 1
- . — L) — B - Wi { ZminRRT 7
G, = min {Amm{k,,i 2} = hans (A} i A3} = S [, ). min [}
(53)
=2 218y, 12 + 0w w12 + e, 12 +0.27858 .
k T *
+3 (e, — i) Qulery, — ) + 5 (max (kg Ko, + Ay + Ay} +3)87 83
Regarding (53), the design matrices k,, and €2; should satisfy:
Amintkp, — 1} > )\max{Api} ) )\min{Alz,i} > O-SAmax{Api} s Amin{$2:} > 1 (55)
Then, inequality (53) can be expressed as follows for the overall formation system:
N
V() <D (=emllx O + p) < —cminlx @11 + 12, (56)
i=1
where x,(t) = (], x], ... x])7, cmin = min{cmi}|i.il, and o =YY | w;. Thus, if the condition (55)

is satisfied, V(¢) is strictly negative outside the compact set Q,, = {x,;(£)| 0 < [lx,(1)]| < /i / Crmin}s
which means that V(¢) is decreasing outside the set €2,,. It proves ||x;(¢)|| is UUB, which implies that

tracking and observation errors, NN weights, and parameter estimation errors exponentially converge
to a small ball containing origin. This completes the proof.

3.4. Discussion on controller gain tuning

It is clear from (53) and (54) that ,/u / cmin can be provided as small as required by appropriately

choosing the positive definite design matrices k), A, and £2;, and positive design constants §;, yw,,
Owyi» Yarr and &g, (k=1, 2), satisfying (55). One may use the following tuning rules to adjust control
parameters properly: (i) the inverse relationship between the size of ultimate bound u / Cmin and
gain A, can be seen from (53), as c,, tends to increase with Amin{Agl_} — 0.5Amax {Api}. We do not,
however, see the same analytical relationship for k), as j; depends on k. Therefore, the larger value
of A, and smaller value of §; decrease ;, which reduces the size of ultimate bound u / Cmin and
improves convergence rate and final tracking accuracys; (ii) the large values of adaptive gains, that is,
yw,,; and y,, in (31) and (32), lead to a better final tracking accuracy. However, a larger adaptive gain
Ye; May cause more robust control actions, which generate control signal chattering; (iii) smaller
values of o, , and €2; decrease the value of y; in (54), which leads to a smaller ultimate bound
"w / cmin and better final tracking accuracy. However, decreasing oy, and £2; may lower robustness of
parameter update rules in (31) and (32); (iv) one may compromise between final tracking accuracy
and smoothness of control signals by tuning of the boundary layer thickness &, ,. The proposed
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Fig. 4. The desired leader—follower formation configuration.

controller can be made smoother, and it prevents actuator chattering and saturation by selecting larger
values for gy, ,. However, larger values of g,, , increases the value of p; in (54), which may result in
a larger ultimate bound x / cmin and decrease final tracking accuracy. It should be mentioned that the
control parameters will be adjusted by a trial-and-error method based on the proposed gain-tuning
rules. Figure 3 demonstrates a block diagram of the proposed output feedback formation controller.

4. Numerical Examples

4.1. Simulation results

In this section, some computer simulations are performed to demonstrate the effectiveness and
efficiency of the proposed formation controller for a group of four identical WMRs based on the
high-gain observer with saturating actuators. All the simulations are performed in MATLAB soft-
ware in a computer whose processor is an Intel Core i7 with 2 GHz frequency and 6 GB RAM.
Simulations are carried out based on Euler approximation with a sampling time of 20 ms. By adding

www.manaraa.com



High-gain observer-based control of mobile robots 81

(a) s (d) »
Follower2 [Er=e.__ 5 2 0
Followerl [Er~a.,_ ~--"'Q; § E 20
0 Virtual Leader [2]--::_ ~ 2 E -40
JEPERt Q‘& <5 60
Follower3 [E+- DN @ = 8o ‘ ‘ ‘ ‘ ‘
z Followerd [53..._.- @@"5&? Y 0 10 20 30 40 50 60
s -5 5 @ Time(s)
@ E @ 1 10 . . .
!2';7 P £E2
yiod €3
-10 Sl Y 5T o
Ry L5 £ =
- ” L4 " P t 10
Pid ,4, ‘o' Sto T
15 S . . . . .
~10 -5 0 5 10 0 10 20 30 40 50 60
X(m) Time(s)
(b) 2 (e)
= ot~ 5 3
g £.
4 = 7
s 2 K
4 ‘ ‘ ‘ ‘ ‘ B o ‘ ‘ : ‘ ‘
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(s) Time(s)
2 T T k T
“g 20
z £ %
o 0 =
4
0 . . . . . 0 : 7 . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(s) Time(s)
(c) 30 , , , , , ® 20 ; , , . .
20 1 2
o —
Z 10 \ 1 £ é 10 J
— =)
E o \e G
)
-10 L L L . . 0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(s) Time(s)
30 T T T T T 30
S 20 1 g2 1
= 10 1 ,5.::; g
§ o0f\e Tg F
_10 . . . . . 0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time(s) Time(s)

Fig. 5. Simulation results of circle trajectory formation tracking: (a) x—y plot, (b) tracking errors, (c) control
signals, (d) velocity estimation errors, (e) norm of weight estimates, and (f) alpha estimates.

a zero-mean Gaussian white noise to the measured signals, including positions and orientation using
randn(e) function, real sensors are simulated. The standard deviations of the robot positions and
orientation noise are selected as 0.003 m and 0.005 rad, respectively, for this simulation. It is also
assumed that the robots employ a similar localization system.*”-® It is supposed that the slippages of
robot wheels are insignificant for simplicity in this paper.

To simulate nonparametric uncertainties such as friction, unmodeled dynamics, and environmental
disturbances, the following models are chosen:

Fi(pi) =0.5(v1i, v2,)" +0.8(sgn(v1 ), sgn(v2,))" (57)
74, = 2(sin(0.05¢), sin(0.05¢))" (58)

The physical parameters of each mobile robot are chosen as b;=0.4m, d;=0.1m, m,;=
10kg, m,; =0.5kg, I;,=3kg-m?, I,,=0.006kg-m?, and r;=0.25m. In order to evaluate
the robustness of the proposed controller, it is assumed that all of the model parameters are
unknown. The parameters for actuator dynamics are chosen as n; = 62.55, R,, =1.6 2, L,, = 0.48
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Fig. 6. Simulation results of the controller: (a) x—y plot, (b) tracking errors, and (c) control signals.

Qs, K, =0.019 V/rad/s, and K; =0.2639 oz — in/A. The controller gains are adopted as §; =
0.04, y1; =2, kl’i =101, APi =51, Yo, = 2, wi= 10_5, wy ;= ]0_15, Eay; =0.08, and Eay; =
0.075. In addition, a three-layer NN with 13 hidden nodes, 2 output nodes, and the parame-
ters yw,, = 10, yw,, =15, 0y, =0y,, =107, ¢, ;=5(1, 1,1, 1, 1, 1,1, 1, 1, 1, 1, 1, DTk =1, 2),
Hri=(—6,-5-4,-3,-2,-1,0,1,2,3,4,5, 6)7(k=1, 2) are designed for the control system.
The initial conditions al(l)/I, =0s41, W]J(O) =0/x1, V’i/z,i(()) =01, m1;(0) =021, 72;(0) =04 are
considered. Moreover, the velocities of all followers are initially set to zero. The planar configu-
ration of the desired formation of the followers with respect to the leader is shown by Fig. 4. In this
figure, four followers are denoted by F;, i =1, 2, 3, 4. The desired formation vectors are chosen as
¢l (t) = (1.5m, —45°)7, ¢4(t) = 3m, —60°)7, ¢4(#) = (1.5m, 45°)7, and ¢4(#) = (3m, 60°)7.

Three simulation scenarios are carried out based on the mentioned controller settings to demon-
strate the effectiveness of the proposed formation controller.

Scenario 1: The open-loop control command for the virtual leader vehicle, which gen-
erates the circle trajectory, is set to u,, = (0.9V, IV)T. The initial positions and orientations
of all followers and the virtual leader are represented as p;(0) = (—4m, 2m, Orad)’, p,(0) =
(—4m, 4m, Orad)”, p3(0) = (—4m, —2m, Orad)”, p4(0)=(—4m, —4m, Orad)”, and py(0) =
(Om, Om, Orad)”, respectively. The simulation results are plotted in Fig. 5(a)—(f). As shown in Fig.
5(a), all followers nicely track their reference trajectory with a satisfactory performance, despite
time-varying disturbance. Figure 5(b) shows that output values z; ; and z, ; arrive at the desired target
value z; = (Om, 0m)” in 2 s. As depicted by Fig. 5(c), the control signals remain within |Ma,-| <24V,
which we have set as the saturation limit. It is clear from Fig. 5(d) that the high-gain observer esti-
mates converge to the output derivatives. The estimates peak at their relative saturation values in 0.8 s,
and then converge to the actual output derivatives. As seen in Fig. 5(e), the norms of approximation
weights are bounded. The estimated parameters of the upper bound for nonparametric uncertainty
are shown by Fig. 5(f).

Scenario 2: The following desired trajectory z,(¢) = (x4, y4)! is chosen to evaluate controller
performance:

{ Xq = Xg + Ro cos(wot) + Ry cos(dwpt), (59)

Ya =Yg + Ro sin(wo?) + Ry sin(4wyt),

where x,=2.5, y,=0, Ry=6, Ry =1, and wy=0.05. The initial postures of followers are
setas pi(0) = (8m, 0m, 7 /2rad)”, p,(0) = (7m, —1m, 7 /2rad)”, p3(0) = (11 m, Om, 7 /2 rad)”,
andp4(0) = (12m, —1m, & / 2rad)”. As shown in Fig. 6(a)—(c), the proposed controller successfully
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Table II. Quantitative comparison of the controller in ref. [26] and the proposed controller.

Controller in ref. [26] Proposed controller

Performance index Scenariol  Scenario2 Scenario3 Scenariol Scenario2  Scenario 3

rms(ey (1)) (m) 0.2073 0.3268 5.6391 0.1945 0.1888 3.0595
rms (e (1)) (m) 0.0645 0.0674 3.2101 0.0403 0.1945 1.5396
rms(uq, ; (1)) (V) 3.4137 4.8544 24.8865 1.9691 4.4967 14.7200
rms(uq, ; (1)) (V) 4.3274 10.8286 49.2354 2.3261 8.6882 15.8506
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Fig. 7. Simulation results of the proposed controller for large initial tracking errors: (a) x—y plot, (b) tracking
errors, and (c) control signals.
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copes with the trajectory tracking problem in the presence of model uncertainties, environmental

disturbances, actuator constraints, and only position measurements.

Scenario 3: It is proven that the proposed controller meets all of the determined control
objectives. Therefore, this scenario is carried out for very large initial tracking errors to eval-
uate the capability of the proposed formation controller in the presence of actuator saturation.
Besides, it is of interest to compare this controller with the designed controller in ref. [26]
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from both qualitative and quantitative aspects. The initial postures of all followers are given
by p1(0) = (=40 m, 20 m, Orad)”, p,(0) = (=50 m, 10 m, Orad)”, p3(0) = (=40 m, —20 m, O rad)”,
and p4(0) = (—50m, —10 m, Orad)”. The simulation results are depicted in Fig. 7(a)—(c). It is clear
that the formation tracking mission is successful and actuator saturation is effectively prevented in
spite of the large initial postures of the vehicles, while the amplitudes of control signals remain in
\uai | < 24V. Moreover, tracking errors smoothly converge to a small bound containing the origin.

4.2. A comparative study
In order to evaluate the effectiveness of the proposed controller, a controller similar to that used in
Du et al.?® is considered with the same presented adaptive laws as in (31) and (32):

U, = —J7 (P21 — KaiZai + WIEi(R) — Hi(Z20) @, (60)

where z|; = z; — z4 and zp; = v; — «y; are the outer and inner loop tracking errors, respectively. The
intermediate control function vector ¢ty; for the virtual control vector v; is selected as:

a=—J; (pDKuizii (61)

The parameters of the controller are chosen as Kj; =2, K»; =10, §; = 0.2, y1;, = 2,4, = 10, 01 ,; =
1075, @y, = 1071, &,,, =5, and &,,, = 2. The NN gains are chosen similar to previous values for the
proposed controller in this paper. The initial conditions are set to zero. The simulation results for very
large initial tracking errors are provided by Fig. 8(a)—(c). As can be seen from comparing the results
of simulations, the proposed controller in this paper provides a smoother transient response than the
controller (60). In contrast, the controller (60) causes actuator saturation and its control signals are
not smoother than the proposed controller signals in this paper.

The following performance indexes are introduced as in refs. [39] and [40] for a fair comparative
study of the controllers in terms of quantity:

e The following root mean square of the tracking error is defined to evaluate the average tracking
performance:

Ty
rms(e,,,-(z))=\/(1/Tf)/0 |ej,,-(t)|2dt, j=1,2 (62)

where T denotes the total running time and e; ; represents the tracking error for jth output.
e In order to measure the amount of control power consumption, the following rms of the control
signals is used to evaluate the amount of control efforts:

T.
rms(ug, (1) = \/(I/Tf) / f |Ma,,,-(f)|2 d j=12 (63)
0

Table II shows the numerical values of the above performance indexes, which compare the con-
trollers from the viewpoint of average tracking performance and power consumption. It clearly shows
that the amount of control efforts for our proposed controller is smaller than that of the controller in
ref. [26]. A main conclusion from Table II is that the proposed controller is more effective than the
controller in ref. [26], especially for large initial tracking errors considering the actuator saturation.

5. Conclusion

In this paper, a NN-based leader—follower formation tracking control problem of nonholonomic
mobile robots is studied in the presence of actuator saturation and without velocity measurements.
The proposed control scheme only relies on the position and heading measurements of robots, and the
high-gain observer is designed to estimate unavailable velocities of all robots. In order to reduce the
risk of actuator saturation, hyperbolic tangent saturation functions are applied effectively to design
a formation controller that generates small-amplitude voltage input signals. Consequently, the tran-
sient performance of the proposed controller is improved for large initial tracking errors. Moreover,
the proposed controller can efficiently compensate both parametric and nonparametric uncertain-
ties without the requirement of a prior knowledge of the robot’s dynamics and environmental
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disturbances via an effective combination of RBF NNs and adaptive robust techniques. A Lyapunov-
based stability analysis is presented to guarantee UUB of formation tracking and observation errors.
Simulation results indicated the effectiveness of the proposed formation control scheme.
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