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Abstract This paper presents a new technique for tracking-error model-based Paral-
lel Distributed Compensation (PDC) control for non-holonomic vehicles where the
outputs (measurements) of the system are delayed and the delay is constant. Briefly,
this technique consists of rewriting the kinematic error model of the mobile robot
tracking problem into a TS fuzzy representation and finding a stabilizing controller
by solving LMI conditions for the tracking-error model. The state variables are
estimated by nonlinear predictor observer where the outputs are delayed by a
constant delay. To illustrate the efficiency of the proposed approach a comparison
between the TS fuzzy observer and the nonlinear predictor observer is shown. For
this study the reference trajectory is built by taking into account the acceleration
limits of the mobile robot. All experiments are implemented on simulation and the
real-time platform.
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1 Introduction

Control of mobile robots is a well-known challenge in autonomous robot control
community. In the last years, numerous applications of mobile robots have appeared
especially in the aeronautical space exploration, inspection of nuclear power plants,
automated agriculture and mobile-robot games such as robot soccer [1], motivating
the increasing interest in mobile robotics. Such applications need to find an adequate
control law for the mobile robot even in hard cases such as existence of moving
obstacles to avoid [2] and where the outputs of the system are delayed. Finding
a control law for tracking problem remains also a remarkable challenge and has
opened a research area in the control of mobile robots. Many approaches are
available in the literature to study this area. In [3], a fuzzy regulator based on
inference motor for mobile robot control is presented, the drawback of this control
method is that the inference matrix of the fuzzy regulator is filled arbitrarily and
moreover the robot may overlap its final position. Flatness properties of many types
of mobile robots have also been exploited for trajectory tracking [4, 5]. This approach
is powerful to solve the problem of motion planning, but it turns out to be more
problematic if asymptotic tracking is needed because of the existence of a singularity
when the robot velocity reaches zero [4].

A lot of work has been done on reference trajectory tracking where the tracking
error-model is used [6]. If the Brockett’s condition is not satisfied, the tracking
error model cannot be stabilized by a continuously differentiable, static feedback
[7]. However, we can stabilize it by time-varying feedback [8] or a discontinuous
one such as integral sliding mode [9]. The alternative is to use the combination of a
nonlinear feed-forward control and a linear feedback control [6, 10, 11]. The stability
of the tracking-error model is proven by using a specific Lyapunov function and the
stabilizing gains are computed by linearizing the tracking-error model around zero.
In [9], the authors propose a control design by integral sliding mode for trajectory
tracking in order to achieve robustness with respect to some matching perturbations.

The approach proposed in our paper is based on Takagi—Sugeno fuzzy modeling,
introduced in [12], obtained from the nonlinear model of the kinematic error. Then,
a classical Parallel Distributed Compensation (PDC) law [13] is computed using LMI
techniques [14]. The proposed architecture guarantees the stability in a compact set
of the error states for all the trajectories with linear and angular velocities bounded.
The important feature of the proposed approach is that it also takes into account
the delay in the outputs of the system where the stability of the proposed observer
is treated formally. Moreover, with this approach control law can be implemented
easily in real time since it is possible to find stabilizing gains that can operate for
several trajectories when their linear and angular velocities are bounded and the
stability property is proven for any initial condition in a pre-specified compact set of
the state space.

This paper is organized as follows. Section 2 is devoted to modeling and trajectory
generation issues of mobile wheeled robots. In Section 3, the transformation of the
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nonlinear model into Takagi—Sugeno representation and the synthesis of a PDC law
are presented. The filtering issue of the measurements by a TS fuzzy observer is
presented in Section 4. The control design taking into account the constant delay
in the outputs of the system is presented in Section 5. Simulation and experimental
results are presented in Sections 6 and 7, respectively.

2 Mobile Robot Modeling and Trajectory Generation
2.1 Kinematic Model

By taking into account the non slipping condition, the kinematic model of the mobile
robot in the X-Y plane (see Fig. 1) can be written as follows:

x=v
y=v sinf (1)
0=w

where the considered control inputs of the mobile robot v and w are the linear and
the angular speed of the robot, respectively. The output variables are x and y (the
robot gravity-center position) and 6 (the angle between the speed vector and the
X-axis, i.e., the robot orientation).

2.2 Kinematic Error-model of Trajectory Tracking

Figure 2 illustrates the definition of the posture error e = [ex e, ea]T expressed in

the frame of the real robot and determined—using the actual posture g = [x y G]T
of the real robot and the reference posture g, = [x, y, 6,]7 of a virtual reference
robot—by the following equation

€x cos(@) sin(@) O
ey | =| —sin® cos® 0@ —q )
€ 0 0 1

From Egs. 1 and 2 and assuming that the virtual robot has a kinematic model similar
to Eq. 1, the posture error model can be written as follows:

é -1 e

2 cos(eg) O v
éy | = | sin(eg) O [W'] +| 0 —e |u (3)
éy 0 1 ! 0 -1
Fig. 1 Mobile robot Y Y
‘ 0
R R Ry SEE LR
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Fig. 2 Posture error

v

where v, is the linear reference velocity and w, is the angular reference velocity.
The control law is then defined as u” = [v w]. In [10] the authors proposed to set
u=up+ug with up = [v, cos(ey) w,]’ a feed-forward control action vector and
up a feedback control action to be defined later. Inserting the control expression in
Eq. 3, the resulting model is given by:

éx 0 Wy 0 €y -1 ey
éy | =] -wr 0 v,sinc(ey) ey |+ 0 —ex |up 4)
ép 0 0 0 ep 0 -1

2.3 Trajectory Generation with Limited Acceleration

The goal of the trajectory generation is to meet the following objectives:

e The initial posture of the robot is (x;, y;, 6;) and its initial linear velocity v;
e The final posture of the robotis (xy, y s, 0) and its final linear velocity is v .
e The acceleration is limited as discussed later.

Without loss of generality we can assume that the linear reference velocity of the
robot is always non-negative.

2.3.1 C? Bézier Curve Generation

The above goal is achieved by using the following C3 Bézier curve as a reference
trajectory which is expressed by the following equations:

x () = x; (1 =) +3xi7 (1 — )* + 3x2n> (1 — ) + x 1’ 5)

ye =yi(L =)’ +3yim (L= n)?+3yn* (L —n) + ymn’ (6)

where the parameter 5 € [0,1], the coordinates (x;, y;) and (x,, y;) are respectively
equal to (x; + d;cos (6;) , y; + d;sin (9,)), and (xy — dgcos (0) , ys — dysin (65)). This
ensures that the robot starts with its initial orientation 6; and that it reaches its final
position with orientation 6. The length d; is the distance between the initial and
the first intermediate control point. The length df is the distance between the final
and the second intermediate control point. Those distances are computed to obtain
the optimal trajectory where the initial velocity v; and the final velocity v of the
robot are satisfied [15]. In the forward movement the reference linear velocity v, (1),

@ Springer



J Intell Robot Syst (2010) 60:395-414 399

the angular velocity w, (17), and the curvature «(n) are obtained by using a flatness

principle [2, 4], as follows:
vr () =/ x, (0 + y; ()

x, () .y; () =y, () .x; ()

wr () = (7)
X, ()?* + y; ()?
x; () -y () — yy () .x) ()
k() = 5 n32 ®)
(x )* + vy (1))
2.3.2 Acceleration Limitations
The tangential and radial accelerations are given by the expressions:
d
a,:d—;}, a, =vw = v« 9)

In order to respect the maximal radial and tangential acceleration, the two accelera-
tions of the trajectory must be inside the ellipse given by [16]:
2 2
AR (10)
@™)? " (qmax)

The maximal tangential acceleration a/™* and the radial acceleration 4" can be
obtained experimentally according to the friction force and the mass of the robot. In
our case the maximal tangential acceleration a™* = 0.5 m/s* and the maximal radial
acceleration a™™* = 1 m/s* were taken.

The reference trajectory for this study is shown in Fig. 3. It is composed of two
C3 Bezier curves (shown in Fig. 3 by a dashed line and a full line, respectively). The

1.2F —
second part
robot in its
1 initial position I
g 0.8} e
2
3
S 0.6 e
0.4 robot forward 5
first part
0.2} e
0 | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
X-axis (m)

Fig. 3 Reference trajectory of the robot
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first part of the reference trajectory starts from (x; = 0.4 m; y; = 0.7 m; 6; = —90°)
with initial linear velocity v; = 0.02 m/s and reaches a final position (x; = 1.5 m;
yr=0.7m;0; = —90°) with linear velocity v; = 0.2 m/s.

Figure 4 shows the curvature of the first part of the reference trajectory. In the
turning points TP1 and TP2, where the absolute value of curvature is maximum, the
radial acceleration is maximal [16]. The position of these two turning points depends
on the one of the intermediate control points of the Bezier curve (x;, y;) and (x,,
y2). Using the radial acceleration formula presented in Eq. 9, the maximal allowable
speed in each turning point is given by the following equation:

max
r

| ()]

v(n) =

Before and after the turning points TP1 and TP2, the robot can accelerate or
decelerate. In this case, the maximum velocity profile (Fig. 5) for each point is
determined and the tangential acceleration is computed using the formula 10 [16].
The maximal allowable velocity of the trajectory is equal to the minimum velocity of
all velocity profiles (see Fig. 5). The arc length can be computed by:

ds (n) = \/x, () + y, (n)*dn, (11)

where x, () and y, () are derivatives of x and y with respect to 7.
The travel time required to follow the trajectory from the initial point to the final
point can be calculated from:

Ly Jx )2+ L (n)?
t:/ ——dp (12)
0

vy ()

This can be integrated by using a numerical quadrature scheme. The solution for the
reference trajectory is only obtained for the first part (Fig. 5). The results for the

Fig. 4 Curvature of the first 15
part of the reference trajectory

curvature

_15 L L L L L
0 0.1 0.2 03 04 05 06 07 08 09 1

parameter 1

@ Springer



J Intell Robot Syst (2010) 60:395-414

401

velocity profile

w w
2 2
E E
2 =2
= =
kel ke
9] 9]
> >
C C
(] ©
9} 9]
£ £
parameter n
radila acceleration

1

0.5
& »
@ 3
£ O g

«” 2"
-0.5
-1
0 0.5 1

parameter n

o
o

o
~

o
)

o
®

allowable velocity

0.5 1
parameter 1)

angular velocity

0.5 1
parameter n

Fig. 5 Velocity profile (upper left), allowable velocity (upper right), radial acceleration (lower left)

and angular velocity (lower right)
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Fig. 6 Reference linear and angular velocity of the robot

@ Springer



402 J Intell Robot Syst (2010) 60:395-414

second part follow in a straight-forward manner. The travel time and the length of
the first part of the reference trajectory are 4.76 s and 1.73 m, respectively.

The second part of the reference trajectory starts from (x; = 1.5 m; y; = 0.7 m;
0; = —90°) with initial linear velocity v; = 0.2 m/s and reaches a final position
(xf=04m; yr=0.7 m; 6y = —90°) with linear velocity v; = 0.02 m/s. The final
reference trajectory composed by these two C* Bezier curves (Fig. 3) has a travel
time of 11.7 s and the length of 3.47 m. The linear and the angular velocities of the
final reference trajectory are presented in Fig. 6. The minimum and the maximum
reference linear velocity are 0.0138 and 0.755 m/s, respectively, while the minimum
and the maximum reference angular velocity are —2.552 and 2.553 rad/s, respectively.

3 TS Fuzzy Modeling and Control Design

The TS models are represented through the following polytopic form [17]:

E(t) =Y hi (z(1)) (A& (O + Biu (1))
=l (13)
vt = ; hi (z (8)) (Ci& (1))

where & (1) € R" is a state vector, v (f) € R? is an output vector and z (f) € R is
the premise vector depending on the state vector, A;, B;, C; are constant matrices.
The number of rules r is related to the number of the nonlinearities of the model
as shown later. And finally, the nonlinear weighting functions 4; (z(¢)) are all non

r
negative and such that > 4#; = 1. For any nonlinear model, one can find an equivalent
i=1
fuzzy TS model in a compact region of the state space variable using the sector
nonlinearity approach which consists in decomposing each bounded nonlinear terms
in a convex combination of its bounds [17]. Considering the nonlinear tracking error
model (Eq. 4), four bounded nonlinear functions appear: n; = w,, n, = v, sinc (ey),
n3 = e, and ny = e, leading to r = 16 rules. In order to avoid loss of controllability,
we will assume the following assumptions:

lex] < 0.1 m,

ey| <0.1m, |eg| < % rad, (14)

giving the TS model:

é (t) = Az(t)e (t) + Bz(t)uB (t) (15)

where A ;) =Y hi (z()) Ai, B,y = >_ hi (z(t)) Bi,n = 16 and
i=1 i=1

0 _81‘1 Wy max 0 -1 8,‘33max
Ai = 8,‘1 Wr,max 0 Mi |, B; = 0 E?emax
0 0 0 0 -1
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Wrmax = 2.5529 (rad/s), emax = 0.1 (m), and

i )

1 +1 forl<i<38 o3 — +1 forie{3, 4, 7, 8, 11, 12, 15, 16}
i —1 else SR . | else

i 0.0088 forl <i<d4and9<i<I12
& = (=D Mi={0.755 T ese

In order to stabilize the TS model (15), a PDC (Parallel Distributed Compensation)
control law [13]:

up (1) ==Y hi(z(0) Fie (1) = —Fze (1) (16)

i=1

is used. Its gains are computed according to the following lemmas that combines
Theorem 2.2 from [18] and a decay rate performance measure from [19]. The proof
follows exactly the same lines as the proofs in original works.

Lemma 1 [18] The TS model (15) can be stabilized via the PDC control law (16) with

the decay rate performance of y > 0 [19] if there exist matrices M; (i = 1,2, ..., r) and
X > 0 such that the following LMI conditions hold:

Yi<0, i=1,2,...r

r_lTii+Tii+Tji<0, i,j:1,2,...,r,i;éj

with ;= XAl + A X — M Bl — BiM;+y X where y > 0. The gains F; of (16)
are given by F; = M; X~ .

Remark If V(e(t)) is a Lyapunov function, the decay rate y is defined by the
following property: V (e (f)) < —y - V (e (t)), ensuring temporal performances.

In our case, the LMI conditions given in Lemma I are feasible.
According to the constraint on the control input, the following LMIs are added.

Lemma 2 [19] Assume that the initial condition e(0) is known. The constraint v* (t) +
w? () < o% is enforced at all times t > 0 if the following LMIs hold:

1 eO7 X M!
[e(O) X }ZO’ [Mi 021]>0

4 Filtering by TS Fuzzy Observer

Generally, if the measurement of the full state vector is not available, an observer is
added to the control structure to derive an utput feedback law. In our case, all the
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states are measured, but these measurements of the robot position are noisy. So, for
filtering purpose, a TS fuzzy observer is introduced:

é(t) = Ayé () + Booup (1) + Ky (e (1) — & (1) (17)

r

where K = Y h;i (z (1) K;, é(t) is the estimated posture error. The control law
i=1

changes to:

up (t) = —Fype () (18)
The dynamics of the estimation error é (f) = e (f) — é (f) are given by:
et = (A — K1) E(0) (19)

Lemma 3 [18] The estimation error (19) converges to zero if there exists matrices
Ni(i=1,2,...,r)and P, > 0 such that the following LMI conditions hold:

T,',‘ <0, = 1,2,...,)"

2
YA Yy V<0 L= 12 i

with ij = Al P, + Py A; — N;C; — C'N]. The gains K; are given by K; = P, N;.

Using the control law (Eq. 18), the closed-loop system (Eq. 15) can be put in the
following form:

e(t) = (Azo) — Bz Fzn) € () + B Fn€ (1) (20)

The tracking error model (Eq. 20) and the estimation error model (Eq. 19) can be
combined into the augmented model as follows:

[z] B [AZ 0 AzBfI;ézz} [Z] 1)

And so, the controller gains F; and the observer gain K; can be designed indepen-
dently according to the separation principle [20]. Note that for the calculation of n;
and n4 one must still use e, and e, (not é, and é,) for the separation principle to hold.

We obtain a good tracking using fuzzy observer if the measurements are not
delayed. In practice, for example in the robot soccer game where the work space
is supervised by the camera, the posture of the robot is obtained after a delay t
which makes the tracking task more difficult. For solving this problem, we propose a
nonlinear predictor observer which is the subject of the next section.

5 Control Design with Nonlinear Predictor Observer

For the visual control where the outputs feedback is delayed, it is possible to make
the combination of observation and prediction. This idea proposed by [21, 22] in a
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case of a linear system will be developed here for the prediction of the mobile robot
state. For this, consider the following nonlinear predictor observer:

10 :v(t)cos(é(z)) ~ L (x(t—z)—?c(t—r))
() = v (@) sin (f0)-L2(ya-v-3a-0) (22)
é(t)=w(t)—L3(9(z—r)—§(z—r))

where L;, L,, L3 are constant gains, and t is the value of the measurement delay
assumed to be constant. The block diagram of the whole closed-loop control system
using nonlinear predictor observer (Eq. 22) and PDC control law is shown in Fig. 7

where g (1) = [x (1) y (f) 0 ()]7 is the estimated state.

Let g () =x () —x (@), ¢y () =y () —y (1) and ¢ (1) =0 () — 0 (t) be the esti-
mations of the errors. Using the kinematic model (Eq. 1) and the nonlinear predictor
observer (Eq. 22), the dynamics of the estimation errors can be written as follows:

bty =e; () + Ly (t — 1)
by () =er () + Lagpy (t — 1) (23)
bo (t) = Lypy (t — 1)

where e;(t) = (cos(6(¢)) — cos(é(t)))v(t) and e, (f) = (sin(0(t)) — sin(é(t)))v(t). If the
gains L; are such that L; t < 7 /2 for i € {1, 2, 3}, then the estimation errors con-
verge asymptotically towards 0. Indeed, from the Nyquist’s stability criterion, ¢y (¢)
converges exponentially to 0. Since the functions sin and cos are both contractive,
we have |e; (1)| < |y (O] v ©)] < g ()] Vinax, fOT i € {1, 2}. So the two first equations
of (Eq. 23) may be seen as asymptotically stable, linear time-invariant systems with
exponentially vanishing inputs e;(f).

A

ug (1) x=vcosf
—> + 1 q(t-t)
u(t) j=vsing ﬂﬂi Delay ¢ >
- Up (l); + 9
> —w
Nonlinear J

i 2 cos (é) sin (9) 0 ?ﬂ predictor
et) e, | =|-sin (é) cos (9) 0((q,—-q) observer (22)
€ 0 0 1 4, (1)

Fig. 7 Block diagram of the whole closed-loop system with nonlinear predictor observer
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6 Simulation Results

In order to check the efficiency of the proposed approach, a simulation study was
done. The proposed PDC control was used for trajectory tracking. The gains F; were
obtained by using Lemma 1 with ¥ = 0.05 and Lemma 2 with 62 =5 and ¢ (0) =
[0.01 (m) — 0.02 (m) — 45°]7:

g [—139877 —165821 —2.9276] . _ [-14.0373 —157158 —2.8102]
"7 06140 —2.6436 —0.5775]° 27| 0.1187 —1.3585 —0.2857 |
P _ [ —13.6341 —18.5365 —3.3632] 7 [ —13.9523 —16.2994 —2.9271]
7| -05503  -2.6484 —0.5785 | "¢ | —0.0731 —13551 -0.2851]°
g [—148533  —7.7818 —1.2700] . _ [-14.9139  —58723 —0.9079]
7| 19132 -33.3688 —7.9544 |° "°T | 11836 —31.5206 —7.8053 ]’
g [ 145437 124382 228817 . [-14.9061  —6.0653 —1.0266]
7T 37322 -32.6158 —7.7841 | "% T | 14352 314754 -7.7925 )

0.5516 —2.6467 —0.5782 0.0739 —1.3546 —0.2850

[ —13.9871 16.5869  2.9284 | —14.0369 15.7184  2.8107
| —0.6128 —2.6419 —0.5772 |’ 271 —0.1178 —1.3580 —0.2856 |’

g [ 145430 124464 228071 . [—14.9060  6.0663 1.0267
BT —3.7353 —32.6168 —7.7840 |© " T | —1.4354 —31.4754 —7.7925 |

[ —14.8532 7.7843  1.2705 Foo— —14.9138 5.8733  0.9081
| —1.9140 —33.3686 —7.9543 |’ = —1.1839 —31.5206 —7.8053 |’

[—13.6333 18.5412  3.3641 —13.9519 16.3020  2.9275
Fy = , Fio= ’

F

Fi5s =

In a real environment, the measurements obtained by a camera are delayed. For this
simulation the outputs of the system are delayed by a constant delay of 0.132 s. First

1.2 .
robot in real trajectory

its initial position

E 0.8 -
%}
3
Ni 0.6 -
0.4} 4
ol reference trajectory |
O | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8

X-axis (m)

Fig. 8 Trajectory tracking with the PDC control and the TS observer
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we tested the approach with the PDC control and the TS fuzzy observer (Eq. 17)
although the latter does not take into account the delay. Then a combination of
(Eq. 17) and the proposed nonlinear predictor observer is used to compensate for
the delay. The reference trajectory from Fig. 3 is used in all experiments.

6.1 PDC and Fuzzy Observer

The states are estimated by a TS fuzzy observer that can be derived by using Lemma

3. The observer gains K; (i=1,2, ..., 16) are given as follows:
[ 0.2502  —0.0233 —0.0216 |
Ki=K,=Ks=K,=| —0.0241 0.2551 0.0100 |,

| —0.0208 0.0095  0.2365 |

[ 0.2502 —0.0233 —0.0216]
Ks=K¢=K; =Kz =| —0.0241 0.2610 0.3774
| —0.0208 0.3506  0.2305 |

0.2502 0.0233 0.0216
Ky = Kjp= K1 = K= 0.0242 0.2551 0.0099
0.0208 0.0095 0.2365

)

0.2502 0.0234 0.0216
K3 =Ky = K5 = Kig = 0.0242 0.2610 0.3774
0.0208 0.3506 0.2305

)

The approach results in a stable behavior although quite large tracking errors can be
observed. Figure 8 shows the trajectory of the robot (dashed line) and the reference
trajectory (full line). Figure 9 shows the robot velocities (dashed line) and the
reference velocities (full line) where the difference among them is noticeable. The
posture error is shown in Fig. 10.

—~ 0.8 T T
% - - - - real velocity
E 0.6 reference velocity]
3 04 |
[
>
5 0.2 |
(0]
£
- 0
0 2 4 6 8 10 12
time (s)
4 T
= - - - - real velocity

reference velocity

Angular velocity (rad/s)
o

time (s)

Fig. 9 Comparison of simulated and reference velocities
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(m) and eg (rad)
<)
N

08F ey J
1
04l ,' .......... ey |
& | - __ ¢
& -05f ! é i
)
-0.6 1 -
!
1
-0.7 N
!
-0.8 | | | | |
0 2 4 6 8 10
time (s)

Fig. 10 Error of the robot posture

6.2 PDC and Nonlinear Predictor Observer

The states are estimated by a nonlinear predictor observer that can be derived by
using the stability demonstration presented in Section 5 with the constant delay
7 = 0.132 5. With delayed outputs, the proposed control structure with nonlinear
predictor observer allows a better following of a given trajectory (Fig. 11) compared
to the TS fuzzy observer performance (Fig. 8). Figure 11 shows that the trajectory
of the robot (dashed line) converges towards the reference one (full line). The linear

robot in
its initial position real trajectory

T 08f
o >
P
>

0.6
0.4} |
02l reference trajectory |
’ ‘ ‘ ‘ ‘ ‘ : I

0 0.2 0.4 0.6 0.8 1 1.2 1.4

X-axis (m)

Fig. 11 Trajectory tracking with PDC control and nonlinear predictor observer
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— 0.8
@

£ - - - - real velocity
E 0.6 reference velocity
3 04 i
g
5 0.2 7
(0]
£
- 0
0 2 6 8 10 12
time (s)
4
- - - - real velocity

reference velocity

Angular velocity (rad/s)
o

6 8 10 12
time (s)

Fig. 12 Comparison of simulated and reference velocities

velocity and the angular velocity of the robot are given in Fig. 12. Figure 13 represents
the convergence of the robot position error towards 0 using the proposed control law.

7 Experimental Results

The same experiments as in the previous section were applied to the trajectory
tracking for a MIABOT mobile robot. The robot positions are measured via a
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Fig. 13 Error of the robot posture
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Fig. 14 Trajectory tracking with PDC control and TS observer

Basler (A311fc) camera whose frame rate is 30 images per second and the delay
produced by this camera is about 66 ms. The control is sent to the robot via wireless
communication. The control code is programmed in C++ which is adequate for the
real-time application. The robot initial position is x; = 0.41 m; y; = 0.68 m; 6; = 248°.
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Fig. 15 Comparison of real and reference velocities
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7.1 Experimental Results with TS Observer

Figure 14 shows the trajectory tracking. The robot (dashed line) follows the reference
trajectory (full line) with a big error. Figure 15 shows the real velocities of the robot
(dashed line) and the reference velocities (full line), where the differences are quite
big. Figure 16 shows the error posture.
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Fig. 17 Trajectory tracking with PDC control and nonlinear predictor observer
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7.2 Experimental Results with Nonlinear Predictor Observer

The experimental results obtained using nonlinear predictor observer show the robot
(dashed line) follows the reference trajectory (full line) better (Fig. 17) compared to
the trajectory tracking using PDC control with TS observer (Fig. 14). Figure 18 shows
the real velocities of the robot (dashed line) and the reference velocities (full line),
where better coincidence than in the previous case (Fig. 15) is observed. Figure 19
shows the posture error. Note that the signals do not converge to 0. Rather they
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Fig. 19 Error of the robot posture
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converge to some residual set that depends on the size of the disturbances. This is
due to the fact that a persistent noise is present in measurements. Note also that
Figs. 14, 15, 16 and 17 do not show the actual position of the robot, but the measured
one.

8 Conclusion

The present article proposes a new approach of trajectory tracking for non-
holonomic mobile robots with taking into account the delay in the output measure-
ments. Two approaches were proposed and compared, namely PDC control using TS
fuzzy observer and PDC control using nonlinear predictor observer. PDC control is
based on the theory of TS fuzzy control. The stabilizing gains are obtained using
LMIs and the stability in a compact region of the error space is proven. Good
simulation and experimental results have been obtained. They show the efficiency
of the proposed approach. They also show that the nonlinear predictor observer can
cope with delay much better than a TS fuzzy observer as expected.

The main advantages of the proposed method are the existence of the control
law for all the trajectories that respect the bounds on the linear and the angular
velocities, the ability to compensate for the delay in measurements, and easy real
time implementation. Future work concerns the implementation of this control law
in real time for moving obstacle avoidance.
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