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ABSTRACT (e.g., [3-7]) is considered. To take into account dynamics of the

A stabilization problem for a wheeled robot following a  steering gear mechanism, a simple actuator model is sometim
curvilinear target path is studied. In [1], a method for construct- introduced. The control goal is to bring the robot to a given curvi-
ing invariant ellipsoids—quadratic approximations of the attrac- linear path and to stabilize its motion along the target curve.
tion domains for the target trajectory under a given control law— In view of essential nonlinearity of the considered problem,
was developed. A basic result of that study is a theorem by meansit seems impossible to synthesize a control law that would stabi
of which construction of the invariant ellipsoids reduces to solv- lize robot motion along an arbitrary curvilinear trajectory under
ing a system of linear matrix inequalities (LMIs) and checking a arbitrary initial conditions. Therefore, in practice, it is desirable
scalar inequality. This paper is a sequel to work [1] and is de- to have a criterion that would allow one to check in the course o
voted to practical implementation of the results obtained in that motion whether the robot state belongs to the attraction domai
paper. It is discussed how to select the parameters in terms ofof the target trajectory, or, in other words, whether the synthe
which the theorem is formulated. An algorithm is developed that, sized control can stabilize motion of the robot along the giver
for a given value of maximal deviation from the target trajectory, trajectory from a given initial position. For such a criterion, it
constructs an invariant ellipsoid of as large volume as possible. is suggested in [1] to construct invariant ellipsoids in the systen

state space. The desired ellipsoids are found by applying the a
proach proposed in [6] for the case where the target trajectory i
1 INTRODUCTION o o a straight line or an arc of a circle. The approach is based on th

There exist many applications (e.g., in agriculture or road gpsolute stability theory [8—10] and reduces construction of a
C(_)nstrgction) where a vehicle is to be driven along a target path jnvariant ellipsoid to solving an LMI system [11]. The problem
with high level of accuracy [2, 3]. Such tasks are performed sy died in [1] differs from that discussed in [6] in that the target
by automatic vehicles (further referred towsbkeeled robotsor trajectory may be an arbitrary smooth curve and in the presenc
simply robotg equipped with navigational and inertial tools and ¢ phase constraints. This paper is a sequel to [1] and devoted

satellite antennas [1-7]. In the majority of studies on this subject, pyractical implementation of the results reported in [1].
the well-known kinematic model of a vehicle moving without lat-

eral slippage described by three nonlinear differential equations
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Target path

Figure 1. The kinematic scheme of the wheeled robot.

(or two) front wheel responsible for steering the platform. In the
planar case, the robot position is described by two coordinates
(X, Yc) of some point of the platform, the so-calletget point,
and one angle describing orientation of the platform with respect
to an immovable reference syste®@y.

For the target point, the point located in the middle of the
rear axle is usually taken, and for the angle, the aBdletween
the central line of the platform (which coincides with the direc-
tion of the velocity vector) and theaxis. The kinematic equa-
tions of such a robot are well known (see, for example, [1, 6, 7]):

X = VCOSH,
Y = Vsing, Q)
6 =vu

Here, dot denotes differentiation with respect to time, vy > 0

is a scalar linear velocity of the target point, ani the instant
curvature of the trajectory described by the target point. The
quantity u is uniquely related to the turning angle of the front
wheela by the equation

u=tana/L,

@)

wherelL is the distance between the front and rear axles. In the
case of two front wheels (as depicted in Fig. 1), their turning
anglesa; anda, are different, but are not independent and are

2

related to the trajectory curvature, such that there exists an “effi
cient mean” angle [6, 7]. To take into account dynamics of the
steering gear mechanism, a simple actuator model is introduce
which is described by the first-order differential equation (such
dynamics is typical of step motors often used in practice)

Y,

a=V, ®3)
whereV is the angular speed of rotation of the actuator shaft
which is considered to be a control, such that argl@r cur-
vatureu) becomes a state space variable. The control resourc
is assumed to be boundel)| <V, whereV is the maximum
angular speed of the actuator shaft.

Limitation on the turning angle of the front wheels results in
the two-sided constraints on the state space variables

—U<U<U(—0Omax< 0 < Omay),

(4)

whereu = tandmax/L is the maximal possible curvature of an
actual trajectory.

The stabilization problem for a wheeled robot consists in
synthesizing a control laW that brings the robot to a given tar-
get trajectory and stabilizes its motion along the curve. In the
considered planar case, the target trajectory (path) is describe
by a pair of functiongX(s),Y(s)), whereX(s) andY(s) arex-
andy-coordinates of a point on the curve asits a parameter.
FunctionsX(s) andY(s) are assumed to be three times differen-
tiable, andsis arc length (“natural parametrization”).

A control law ensuring exponential convergence of the ac-
tual trajectory to the target path in a neighborhood where the
phase constraints hold as strict inequalities under the conditio
of the unbounded control resource was derived in [7]. Howevel
in the general case, this control law does not guarantee stabili:
ability of the system for arbitrary initial conditions, and we arrive
at the necessity of determining whether a current vehicle positio
belongs to the attraction domain.

In [1], it is suggested to divide the path into segments where
parameters of the curve do not vary too much and, for each se
ment, construct an invariant ellipsoid [12], which is an approx-
imation of the attraction domain for the given segment. If the
trajectory of the system comes into such an ellipsoid, it will re-
main in it until, at least, the system moves along the given seg
ment. When turning from one trajectory segment to another, th
ellipsoid is, generally, changed, and it is required to check agai
whether the current state belongs to the new ellipsoid. Thus, th
constructed system of invariant ellipsoids may serve as a stab
lizability criterion.

For the control law synthesized in [7], the construction of the
invariant ellipsoids reduces to solving an LMI system and check
ing a scalar inequality [1]. Theorem 1 proved in [1] gives one a
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constructive way for finding the matrix of a desired ellipsoid for Here and in what followsk is the derivative of curvature with

given values of certain parameters and checking whether the el-respect to the arc length at the trajectory point closest to the targ

lipsoid obtained belongs to the attraction domain of the given tra- point. In all other cases, the prime denotes differentiation with

jectory segment. However, it says nothing on how to select these respect to the independent varialgle In addition, the system

parameters and what to do when they are determined ambigu-must satisfy the constraints on the state space variables

ously. The goal of this paper is to try to address these questions

and to develop an efficient algorithm for constructing ellipsoids lu(z)| < u. (10)

of as large volume as possible. Before we set the above plan in

motion, we need to briefly present results of our earlier studies, 3.2 Control Law Synthesis:

referring the reader to [1, 6, 7] for detail. The problem of synthesizing control that stabilizes robot’s
motion along the target trajectory is formulated in the state spac
of z-coordinates as that of finding contidlsatisfying the con-

3 EARLIER RESULTS straints|V| <V for which solutionz(€) = [z1(£),2(£),z3()]"

3.1 Change of Variables: of equations (6) tends to zero, with the constraints on the stat
By means of change of variables suggested in [7], equations space variables (10) being fulfilled.

(1), (3) reduce to the form that admits feedback linearization, at Without phase and control constraints, system (6) can be lin
least, in a small neighborhood of the trajectory. For the indepen- earized by means of an appropriate feedback. Indeed, confinir

dent variable, the path passed by the robot is taken, and the ourselves to the case wheig| < 1/2 (which guarantees that
state space variables are deviation (distance) of the target pointg z) -« 0), and takingV in the fornt

from the target patly, angle deviatiorz, = siny, and
vif(2) —o(2)]

S ©) 42

where a(2) is a linear function of the coordinates, = c'z,

wherey is the angle between the velocity vector and the tangent &2 € R®.c= (c1,C2,C3)", 2= (21,2,25)", we arrive at the lin-
line to the trajectory at the point closest to the target pointkand ~ €@r closed-loop system
is the curvature of the target path at this point.

By means of this change of variables, equations (1), (3) re- Z=Az 12)
duce to the equations in deviations [7]:

(11)

where
Z’l = 2o, 0 1 0
=2 (6) A=l 0o o 1. (13)
Z= ¢(Z)V - f(Z)’ —C1 —Cp —C3
where Clearly, by means of appropriate selection of vecttwhich can

be done in many ways), matrix can always be made Hurwitz,

1 resulting thus in a stable system. For example, selectasy
00 = \/1-3(LE@+ T ). @
c=(A3,3\2,3\), A >0, (14)
we obtain an exponentially stable linear system with the expo
2225 k273 k222(1—z§) kg(l—zg)% nent—A. In what follows, we assume that vectoiis always
f(2= 1-2 T 1+kz  (1+kz)? (1+kz)3" (&) selected in such a way thatis a Hurwitz matrix.

To meet constrainy/| <V, control is taken in the form [7]

andu(z) is the instant curvature in terms of the new variables, _
Veo (v[f(z) o(z)}) | (15)

¢(2)

K(/1-2
z
u@z) = —=— + T 9) I
\/ 1- z% 1 1The case wher¢(z) may vanish was discussed in [7].
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wheresy (V) is the saturation function, where

—V, forV < -V, L , k= max/k(s)|
s7(V)={ V. for V| <V, (16) 1-kas
vV, for V>V.
and
However, it is not guaranteed that this control law can stabilize
robot’s motion; i.e., it is important to know whether a current oy <@y = 11 (18)
state belongs to the attraction domain of the given target trajec- kK u

tory.
belongs to all members of the family of the state spaces corre
sponding to the given segment in the sidg < aj.

The selection of valu@ < a; < a7 is dictated by two cir-
cumstances. In the first turn, it is determined by a specific chat
acter of a particular applied problem, since the valuesofieter-
mines how far we allow the robot to move away from the target
curve, with its state being kept within the ellipsoid. On the other

. . . hand, it should be taken into account tlgtaffects volume of
i.e., we have a family of boundary manifolds and the correspond- N . o
the approximating cylinder and, thus, volume of the ellipsoid. In-

ing state spaces parameterized by the arc leagth [1], it is deed. for the extreme valuesf, a1 — 0 andoy — ay, volume
suggested to approximate the entire family of the state spaces as- ' ' .

sociated with a aiven seament by a second-order surface. namel of the cylinder vanishes, and it is not difficult to find the value of
. gv Sgmentby a se . . ’ y’cxlfor which the cylinder volume is maximal.
a cylinder, and to inscribe ellipsoids into this region.

3.3 Approximation of the State Space by a Cylinder:

The boundary manifold of the system state space, which is
the set of points where constraint (10) turns to equality, is rather
involved. The inscribing of an ellipsoid into a region bounded by
this manifold is a too complicated task. Moreover, the shape of
the manifold depends on variable curvature of the trajedt®)y
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Figure 2. Sections of the state space (solid line) and the cylinder Figure 3. Sections of the state space (solid line) and the cylinder
(dashed line) approximating the state space in the strip |z1| < 3 by the (dashed line) approximating the state space in the strip |z1| < 3 by the
plane z; = 0. plane z; = —3.
As shown in [1], the cylinder As an example, we consider approximation of the state spac

by the cylinder for the robot with = 0.2 m~* (minimal curvature
radius 5 m) following along a segment of a target trajectory with
|zs] <Oy/1-2, —a1 <z < ay, (17) maximum curvaturé = 0.08 m~1. Let us seti; equal to 3 m.
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Figures 2 and 3 show the sections of the boundary manifold and
approximating cylinder corresponding to the point of the target
trajectory with curvatur& = k by the planez, = 0andz = —3,
respectively. The height of the cylinder for the given values of
the parameters is equal fiox 0.1 m~1.

It follows from the definition of the approximating cylinder
that any ellipsoid inscribed in cylinder (17) automatically meets
phase constraints (10). Thus, the problem of construction of an

The basic result of paper [1]—reduction of the construction
of invariant ellipsoids to solving an LMI system—is formulated
as the following theorem.

Theorem 1. [1] Consider an arbitrary segment of an ad-
missible trajectory for which function (23) is positive for asy
and an ellipsoidQ = {z: z'Pz< 1}, P > 0. Let, for somex; >0
and0< B <1,

ellipsoid satisfying the constraints on the state space variables is (&) condition

replaced by a simpler problem of inscribing an ellipsoid into a
region bounded by a second-order surface, which is equivalent
to solving the LMI system

P>Ily, P>, (19)

wherel; = diag1/a2,0,0] andl = diag0,1,1/3d?.

3.4 Reduction of the Problem to Solving LMI System:

Consider an arbitrary segment of the target trajectory. Let
us rewrite system (6) closed by feedback (15), which takes into
account the constraint on the control resource, as

2,1 = 2y,
le - 237 (20)
Z, = —®(z,0),
where
ozo)-0@ys (5 ) v 1. @

and consider the function

U@ =0()% ~|(2) 22

and its restrictiotJ (s) to the target trajectory,
09 =u(0) = (Ué(e+ ) Vool @
Definition 1.  [1] A segment of a trajectoryX(s),Y(s)),

whereX(s) andY(s) are three times differentiable functions, is
said to beadmissible for a given robdfurther, simplyadmissi-
ble) if, on this segment,

msax| k(s)| < u. (24)

~1

G:J_l—kcx1>o (25)
hold; (b) LMIs (19) and
PA+ATP <0, PAs+AgP <0, (26)
where
( 0 1 0 )
= o o 1], (27)
—Bey —PBez —Pes
be resolvable irP; and (c) inequality
B (28)

hold, whereUp = min,eqU (z) and 0g = maxeq 0(z). Then,Q
is an invariant ellipsoid for system (6) closed by feedback (15).

Theorem 1 gives us a constructive way for finding a matrix
P for given values of parametees andp and checking whether
the ellipsoid generated by matiikis invariant. However, it says
nothing on how to select these parameters. Clearly, the desire
matrix is to be sought iteratively, and the efficiency of the con-
struction of the invariant ellipsoids greatly depends on the effi:
ciency of strategy of selectin@, since each iteration includes
solution of an LMI system. Moreover, the right-hand side of
inequality (28) depends on the desired maRiand, hence, on
B. This means that the desired procedure of seardBisigould
ensure monotone variation of the right-hand side of (28) in or-
der to guarantee the fulfillment of this condition. Note also that,
from practical point of view, it is important to obtain not simply
an arbitrary invariant ellipsoid but rather an ellipsoid of as large
volume as possible, which imposes additional requirements o
the algorithm for searchin@. In the remaining sections, we dis-
cuss how to choose paramefeiand develop an algorithm for
constructing invariant ellipsoids.

Copyright © 2009 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



4 PROPERTIES OF THE LMI SYSTEM
First of all, we note that parametess and 3 can be se-
lected independently from one another. The valuepis se-

5 CHECKING INEQUALITY (28)
Calculation of the right-hand side of (28) requires finding
extrema of functions) (z) anda(z) on the constructed ellipsoid.

lected based on specific features of a particular applied problem It is shown in [6] that the maximurag of linear functiono(z) on

under the condition that inequality (25) is satisfied. It affects vol-
ume of the constructed ellipsoid and, thus, the fulfillment of the
scalar inequality (28). On the other hand, solvability of the LMIs
does not depend amy; i.e., if system (19), (26) has a solution for
someaqs, it has a solution for any other admissible valuengf
Therefore, in what follows, we assume tlogtis admissible and

the ellipsoid is given by the formula
0o = VcTP1c (29)

It seems likely that the minimum of functidt(z) can be found

fixed and exclude it from the subsequent consideration. For the only numerically. To avoid this, instead bk, we will use its

same reason, we will not discuss LMIs (19) assuming that they
are always satisfied. We will use notatiB3) for the solution
of the LMIs to emphasize its dependencefon

The algorithm to be described below relies on the following
important properties of LMIs (26):

1. There exist at least one value[dfor which system (26) has
a nontrivial solution. Indeed, f@§ = 1, both inequalities in (26)
coincide and have a solution sind¢ = A is a Hurwitz matrix.

2. There exists a range of small valiies 3 < 3o where the LMI
system (26) has no solutions. Indeed, in order that LMI (26) have
a solution, matriceé andAg must be Hurwitz. It is not difficult
to show that there exists a sm@lifor which matrix Ag is not
Hurwitz.

3. If system (26) has a solution f@= [3; < 1, then it has a
solution for any satisfying the conditio3; < B < 1, and the
set of solutions corresponding to tifiss not narrower than that
corresponding t@ = 1. Indeed, lefP(p;) be a solution to (26)
for B = B1. Then [8],P(B1) satisfies (26) for an > B;.

It follows from the second property that, in searching the
bestp, we should confine ourselves to the rarifig, 1), and the
third property implies that, among all valuesibffor which LMIs
(26) have solutions, the greatest value for which the scalar in-
equality (28) holds is the best one.

It can easily be seen from the form of matrices (13) and (27)
that Bp may depend only on vecta, i.e., on the localization
of poles of the closed-loop system. Thus, for §ya particu-
lar trajectory segment does not affect the solvability of the LMI
system (26). Hence, one and the sgdgecan be used for any
trajectories (at least, for a fixed control law). Since it is not cur-
rently clear how to find an exact value B§, we use its upper
estimate3p > o, which guarantees that this LMI system is solv-
able for any values of satisfying the conditiorfp < p < 1.

lower estimate. Consider the number
~ \7 E’ GzEU_
Up=+/1-0a3( — — -
0 2 (VL (1—kay)® 1-— kal>

wherek’ = max|k(s)| on the considered segment aogd =
max|z| on the ellipsoid. Using (22) and (8), it is not difficult
to show thatJy < Ug. The numben, is found in the same way
asap. Indeed, representing asz, = e}z, wheree] = (0,1,0),

we obtain
az=/e]Pley;

i.e., 0z is the second diagonal element of the inverse matrix of
the constructed ellipsoid. Let us introduce the notation (here an
in what follows, arguments of the estimates show valugsfof
which the ellipsoid was constructed)

— 0202,

(30)

(31)

(32)

for a lower estimate of the right-hand side of (28) and check con
dition
B<B(B)

< (33)

instead of (28).
Efficient finding of an optimal value d8 is possible if the

Such an estimate can be obtained, for example, experimentally right-hand side of inequality (33) is a monotone functior3of
before constructing ellipsoids under assumption that the poles of It was noted earlier (property 3) that the set of solutions of the
the closed-loop system are fixed, or, in the case of the multiple LMIs (26) may only extend aB grows. Unfortunately, this does
pole, for some range of variation. To this end, it is sufficient not imply monotonicity of estimat@(p). The latter property

to solve LMIs (26) for several trial values @f for example, for can be ensured if we require that the ellipsoid corresponding t
B=0.15 0.2, 0.25,..., and takef3p equal to the first value for the smaller value of be nested into the ellipsoid correspond-
which the LMIs have solutions. In our humerical experiments, ing to the larger value d3. To have this property in the course of
whenA varied from 0.3 to 1, LMIs (26) always had solutions for  searching the desired optimal valugifve modify the LMI sys-
3>0.25. tem solved on each step of the algorithm. NamelyPigl;) be
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a solution of the LMI system (19), (26) for sorfie= 31. When
constructing an ellipsoid for a new valfe< 31, we replace the
LMIs (19) by

P> P(By), (34)

i.e., we require that the new ellipsoid be nested in that corre-
sponding tdg3; (which implies also that it belongs to the approx-
imating cylinder).

If, additionally, we have an invariant ellipsoid corresponding
to somef3, < 3, we supplement the LMI system with the LMI

P<P(B2), (35)

The fulfillment of both LMIs for3; < B < B1 means that the cor-

responding ellipsoids are nested into one another, which results

ig the foIIo!ving chaian ofinequalitiesto(B2) < ag(B) < 0o(B1),
Uo(B2) > Uo(B) = Uo(B1) and B(B2) = B(B) = B(B1). Thus,
the right-hand side of (33) decreases monotonicall gsows,
which allows us to efficiently find the desired optimal value of
B. In our numerical experiments, two—three iterations were suffi-
cient to get an optimal value such that further improvemeifg of
did not result in a noticeable increase of the ellipsoid.

It may happen that, for given values of all other parameters,
inequality (33) does not hold fds = Bo (and, hence, by virtue
of monotonicity of3(B), for all greater values). Further decrease
of B is impossible, since, by virtue of the above property 2, the
LMiIs (26) will have no solutions. In this case, it is possible to
ensure the fulfillment of inequality (33) for the same value of
B = Bo by supplementing LMIs (26) with the LMIs

P> cc" B3/U&(Bo), P > P(Ro). (36)

Whereﬂo(ﬁo) andP(fio) are the lower estimate &fy and matrix

P, respectively, obtained fd3 = Bo. Let P denote a solution of
the LMI system obtained, and let us show that condition (33)
holds. Indeed, multiplying both sides of the first inequality in
(36) bycT P~1 from the left and by~ 1c from the right, we obtain

c"Plc> (cTP1c)?pE/UE,

or, taking into account (29)p2 < U2/a%(P), whereay(P) is
the maximum of linear functiow(z) on the new ellipsoid. By
virtue of the second inequality in (36), the new ellipsoid is
nested into that corresponding to matFig3y). Hence, estimate
Uo(P) on this ellipsoid is greater thddy. Then, it follows that
Bo < Uo(P)/ao(P); i.e., condition (33) holds. Note that the ful-
fillment of the first LMI in (36) is equivalent to inscribing the

7

ellipsoid into the strip between the planegsz) = L]o/f%o and
o(z) = —Uo/Bo; i-e., inequality (33) holds owing to the increas-
ing of its right-hand side, which, in turn, is achieved by contract-
ing the ellipsoid in the “direction” 06.

6 ALGORITHM

Based on the above, we arrive at the following algorithm for
finding the best invariant ellipsoid.

Step 1. Solve the LMI system (19), (26) for the maximum
possiblef, B = 1, and check whether the scalar inequality (33)
holds. If it holds, the ellipsoid constructed is the desired invarian:
ellipsoid for the giveru.

Step 2. Otherwise, solve the LMI system (26), (34) (with
B1 = 1) for the least possibl@ = Bp and check condition (33).

If it holds, find a greater value @ in the rangey < B < 1 for
which (33) holds (Step 3). Otherwise, go to Step 4.

Step 3is repeated while the difference of two successive
values off3 is greater than a given threshold. On each iteration
we have a current intervéBz, B1) (B2 < B1) that contains the de-
sired optimal value. The iteration consists in selecting an inter
mediate valun € (B2,B1) (for example, by bisecting the inter-
val); solving the LMI system (26), (34), and (35); and checking
condition (33). Depending on whether this condition holds or
does not hold, for the next current interval, eitig, 3(Bm)) or
(B(Bm), Bm), wheref(Bm) < (B2,B1), is taken.

Step 4. Invariant ellipsoid is found by solving the LMI sys-
tem (26), (36) fo3 = Po.

It should be noted that the algorithm finds an invariant el-
lipsoid for not more than three iterations (on Steps 1, or 2, ol
4). Several (in practice, two or three) subsequent iterations ar
spent for finding an ellipsoid of maximum size for the given
By virtue of monotonicity of estimatf([3), the iteration process
converges to the optimum value [&f

7 NUMERICAL EXAMPLE

For the sake of illustration, the proposed algorithm was ap:
plied to constructing invariant ellipsoids in the problem of sta-
bilizing motion of a wheeled robot along a curvilinear trajec-
tory approximating data of GNSS measurements. The sam
robot with the same control law as in [1Y (= 0.2584 rad/s,
L=245m, 0= 0.2 m?% and\ = 0.3)2 moving with speed
v =15 m/s was used. The target trajectory was approximates
by a cubic B-spline curve [13]. For the trajectory segment in this
example, one elementary B-spline with the maximum curvature
k=0.105m~! was used. The derivative of curvature for uniform
B-splines is a piecewise constant function of arc length, which, ir
our case, was equal i = 0.016m~2. The admissible deviation
from the trajectory was taken equalde = 0.5 m.

2The values of parameteYE L, andu correspond to a wheeled robot created
in the Javad GNSS company [14] on the basis of the “Niva—Chevrolet” car.
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Figure 4. Sections of the invariant ellipsoids corresponding to 3 = 0.25
(dashed line) and 3 = 0.78 (solid line) by the plane z3 = 0.
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Figure 5. Sections of the invariant ellipsoids corresponding to B =0.25
(dashed line) and 3 = 0.78 (solid line) by the plane zo = 0.

Figures 4—6 show sections of two constructed ellipsoids by
the planegzs =0, z = 0, andz; = 0, respectively, and illustrate,
in particular, importance of the problem of finding an optiral

In accordance with the algorithm described in the previous sec-

tion, on Step 1, an ellipsoid correspondingte: 1 inscribed into
the approximating cylinder (not shown in the figures) was con-
structed. On this ellipsoid3(1) = 0.62; i.e., condition (33) does
not hold, and, hence, the ellipsoid is not invariant. The ellipsoid
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Figure 6. Sections of the invariant ellipsoids corresponding to 3 = 0.25
(dashed line) and 3 = 0.78 (solid line) by the plane z; = 0.

constructed on Step 2 (f@@= 0.25) satisfies all assumptions of
Theorem 1 and is thus an invariant ellipsoid. In Figs. 4-6, this
ellipsoid is depicted by the dashed line.

The “optimal” invariant ellipsoid obtained on Step 3 of the
algorithm forp = 0.784is depicted in Figs. 4—6 by the solid line.
It took only two iterations to find this value, with the right-hand
side of inequality (33) being equal £{0.784) = 0.786 As can
be seen, the resulting invariant ellipsoid is considerably bigge
than the first invariant ellipsoid constructed on Step 2.

8 CONCLUSIONS

This work is a sequel to the study on stabilizing motion of a
wheeled robot along a given curvilinear trajectory reported in [1].
Theorem 1 proved in [1] gives us a method for constructing ar
ellipsoid depending on two parametarg and 3 and checking
whether it is invariant. In this paper, an algorithm for construct-
ing the invariant ellipsoids is presented. It is shown how to selec
admissible values of the above parameters. The value of param
teray (maximum allowed deviation of the robot from the target
trajectory) is assigned by the user based on specific features
the applied problem being solved. For a given valuegfan
admissible value o is found for not more than three iterations
of the algorithm. The problem of finding an optimal value of
B3 for which volume of the invariant ellipsoid is maximal is also
solved.

The algorithm discussed was tested on a real wheeled rc
bot created on the basis of the “Niva—Chevrolet” car in the Java
GNSS company [14]. The current state of the robot was mee
sured by a receiver working in the carrier phase differential
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mode, which ensures centimeter accuracy. The information on 1994, Linear Matrix Inequalities in System and Control

whether the current- position of the robot belongs to the current Theory,SIAM, Philadelphia.

invariant ellipsoid was displayed by means of a color (green/red) [12] Polyak, B.T. and Shcherbakov, P.S., 20B®pbast Stability

indicator to let the operator in the cabin know whether the synthe- and Control,Nauka, Moscow (in Russian).

sized control law is capable of stabilizing robot's motion along [13] Pesterev, A.V., Rapoport, L.B., and Gilimyanov, R.F., 2007,

the given target trajectory. “Global Energy Fairing of B-Spline Curves in Path Plan-
ning Problems,"Proceedings of the ASME 2007 IDETC
Las Vegas, September 2007, paper no. 35306, CD ROM.
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