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Signal Invariance and Trajectory Steering Problem for an Autonomous
Wheeled Robot

Vladimir A. Yakubovich, Alexander Melnikov, Anton Proskurnikov and Roman Luchin

Abstract— We give a new convenient parametrization of
linear controllers that solve the problem of signal invariance
(or disturbance cancellation) for MIMO plants. As an example
of application of the obtained results we consider the trajectory
tracking problem for non-holonomic wheeled transport robots.

I. INTRODUCTION

The essence of the invariance problem is to design a
controller that provide the closed-loop system to be stable
with some of its outputs independent on the exogenous
input (signal invariance) or system parameters (parametric
invariance). Theory of parametric and signal invariance was
pioneered by N. Minorsky [1] and G.V. Schipanov [2] and
has been developed for several decades, see the works
[31,[4],[51,[6],[7] just to mention a few.

The conditions providing invariance are well known nowa-
days, for instance, in the case of linear MIMO system an
output is invariant respectively to an input if and only if
the correspondent transfer function vanishes [3]. Neverthe-
less, even for the linear case no constructive description of
all controllers providing the signal invariance seems to be
known. The aim of the present paper is to give a complete
parametrization of all linear controllers solving the signal
invariance problems for generic MIMO plants as well as
conditions for existence of such controllers. The results
obtained in the paper are based on a new parametrization
of the stabilizing linear controllers which is akin to the cele-
brated parametrizations by Youla [27] and Desoer [8],[9] but
appears to be much more convenient for the description of
all controllers providing desired closed-loop system transfer
functions, especially for the case of minimum-phase plants.

As an example of practically important signal invariance
problem, we consider the trajectory tracking problem for au-
tonomous wheeled robot. The problems of trajectory tracking
for such vehicles are investigated in a great deal of papers
[29],[14],[15],[16],[17] most of which exploit methods of
nonlinear control. In the vicinity of the desired path the
vehicle motion may be described adequately with the lin-
earized Ackermann model [12],[13],[23],[30] and thus may
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be investigated by means of linear control theory techniques.
Unlike the referenced works, we consider the case of three
wheeled unicycle-like robot. We reduce the trajectory steer-
ing problem in question to the signal invariance problem,
the “external signal” to suppress being the curvature of the
steered line and the input to be invariant is the steering
error (distance to the desired path). The performance of the
obtained controllers for robust trajectory steering is modeled
using both MATLAB simulations and experiments with real
robot assembled of the LEGO Mindstorms NXT constructor
[28],[31].

II. LINEAR PROBLEM OF SIGNAL INVARIANCE

In this section we investigate a problem of signal invari-
ance with respect to the full system output (called also ”abso-
lute invariance™) for linear time-invariant systems. Consider
a MIMO plant governed by the input-output equations

A (%) A1) =B (%) u(t)+F (%) o), ()

where y(t) € R", u(t) € R, ¢(t) € R stand for the out-
put, input and disturbance signals respectively. The matrix
polynomials A(A),B(1),F(A) have dimensions n X n, n X m,
n x I respectively and we assume that detA # 0 excluding
descriptor systems from our consideration.

The problem is to find a linear controller

p(g)un=c(5)0+6(5)o0. @

stabilizing the closed-loop system and providing the output
¥() to be invariant of the external input ¢(¢), that is
dim y(6) =0 Vo(), 3)
Here D(A),C(1),G(A) are matrix polynomials of dimensions
mxm, mxn, mXxl respectively and detD # 0. As usual,
the controller (2) is said to be stabilizing, if the matrix
A —B| . . -
_c pI|® Hurwitz, i.e. det=(1) # 0
whenever ReA > 0. Besides the stability of the closed-loop
system, usually controllers are required to be realizable i.e.

F
[ G] are proper
(bounded at o). Realizable stabilizing controllers do not
measure the derivatives of y, ¢, and provide the solutions
of the closed-loop systems to depend continuously on the
external signal ¢(-).

polynomial E =

all of rational matrices D~!C, D~!G, E!
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Introducing the transfer matrices Wy o (4), W,/ (A) of the
closed loop system (from ¢ to y,u respectively), given by

W, A -—-B||F
e | —
el -l Sl e
the invariance property (3) for a stabilizing controller (2)
means vanishing of W, /o [31.141.[7]:

W,/ =0, 5)

Following [19], we say a stabilizing controller (2) with
invariance property (3) to be I-universal, or universal in the
sense of invariance problem. The term universal has the same
sense as in [18] and concerns arbitrary control problem in
uncertain conditions. The control law is said to be universal
if it is independent of the unknown parameters (e.g. C,D,G
do not depend on ¢, although ¢ is one of controller’s inputs)
but for any values of those parameters achieves the desired
control goal (the condition (3) for the problem in question).
Thus the term “universal controller” (proposed for the invari-
ance problem by G.V. Schipanov [2]) is close to the terms
robust controller” and “adaptive controller” but seems to be
preferable since robust control problems typically deal with
completely unobservable uncertain parameters and ~worst-
case” solutions (e.g. minimax optimal control), while the
adaptive algorithms typically assume presence of parameter
estimation loop in the system. More discussion on notion of
the universal controller and examples of universal controllers
in optimization problems with uncertain parameters can be
found in [18],[21],[22].

As can be easily seen (see Lemma 2 below), any I-
universal controller (2) has to measure the disturbance ¢(-)
or at least some of its components, i.e. G # 0 (but for the
trivial case F = 0). "Partial” invariance with respect to some
of output variables, for instance condition Ky(#) — 0 as
t — +oo with K being some fixed matrix, sometimes may
be provided without feed-forward disturbance compensation
[26]. The necessary and “almost” sufficient condition for that
is rkK +rkF < n (where the rank of the matrix polynomial
F is taken over the field of all rational functions). Below we
bound ourselves with the case of invariance with respect to
the full output y(-) and observable signal @(-).

Our goal is to give constructive description of the class of
all T-universal controllers for the fixed plant (1). In order to
parametrize such controllers it is natural to take any affine
parametrization of all stabilizing regulators and pick out
those satisfying invariance condition (5) (a linear equation
for the parameter). But despite the condition (5) looks quite
simple, standard parametrizations such as Youla-Kuchera
or Desoer ones [27],[8],[9],[10],[11] give typically rather
“cumbersome” formulae for I-universal controllers that make
it difficult, in particular, to eliminate non-realizable control
laws. Also most of known parametrizations require coprime
factorization of the plant transfer function.

Below we propose another affine parametrization of all
stabilizing controllers (Lemma 1) which is akin to the Youla-
Kuchera parametrization and allows to obtain quite simple
solution of the linear invariance problem (Theorem 1). The

main feature of the approach used below is quite simple
formulas of I-universal controllers under assumption that
the plant is minimum-phase (Corollaries 1,2). The case of
minimum-phase plant is most inportant, since, as shown
in Lemma 2, for non minimum-phase plants the invariance
problem typically has no solution.

A. Parametrization of stabilizing controllers.

We say two controllers D;(p)u = C1(p)y+ G1(p)e and
Dy (p)u = Co(p)y + Ga(p)@ (with p = 4) to be Hurwitz-
equivalent or H-equivalent, if there exist Hurwitz m x m-
matrix polynomials H,H, such that

H'Ci =Hy'C,H'Di =H, 'D,,H'G| = H, ' G,.

Evidently, the Hurwitz-equivalent controllers are either both
stabilizing or not, realizable or not and provide the same
closed-loop transfer functions W, W, /. In particular such
controllers are either both I-universal or not I-universal.

The following lemma can be proved analogously to
Lemma 3 of [25]. The latter result concerns delay systems,
but the proof remains unchanged after replacing the word
”quasipolynomial” with “’polynomial”. For special cases it
was proved earlier in [18],[24].

Lemma 1: Suppose that Cy, Dy are matrix polynomials

(possibly, zero-valued) of dimensions respectively m X n, m X
m such that the matrix polynomial =y = fACO l_)g T

Any controller (2) with the coefficients C,D given by
D =rB+pDy,C =rA+ pQCy, 6)

is Hurwitz.

where r is m X n-matrix polynomial and p is a scalar Hurwitz
polynomial such that det(rB+ pDg) # O is stabilizing and
thus any controller which is H-equivalent to it is stabilizing
as well. The inverse is also true: arbitrary stabilizing con-
troller (2) is H-equivalent to one of the controllers (6) for
appropriate r, p.

Below we illustrate use of Lemma 1 for important special
cases where the choice of Cy, Dy is trivial and do not require
coprime factorization of the plant transfer matrix

Example 1. (Stable plant) Let A(A) be Hurwitz matrix
polynomial. Taking Cy = 0, Dy = I,, the “canonical” con-
troller (6) has the coefficients C,D as follows:

C=rA,D=rB+ply, @)

Here r,p are the same as in Lemma 1 (and det(rB+ pi,,) #
0). Any stabilizing controller is H-equivalent to one of
controllers (7) with appropriate r,p.

Example 2. (Minimum-phase plant). Let m = n and B(A)
is Hurwitz matrix polynomial. Taking Co = I,, Dy = 0, the
”canonical” controller (6) is as follows:

C=rA+pl,,D=rB (8)

Here r,p are the same as in Lemma 1 (detr % 0). Any other
stabilizing controller is H-equivalent to one of the family (8)
for some r,p.

Example 3. (Generalized minimum-phase plant). Suppose
that n < m (the plant is overactuated) and

rkB(A)=n YA €C:ReA >0. )
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The latter condition is natural generalization the minimum-
phase property to the case of non-square matrix B. It is easy
to see that (9) implies existence of a (m — n) X m-matrix
polynomial BT exists such that B = [ Blﬂ is Hurwitz. Indeed,
B = [By,0]U,, where By is a n x n-matrix polynomial and U,,
is some unimodular m x m-matrix (detU,,(1) = const # 0).
Due to (9), the matrix polynomial B is Hurwitz therefore
one can take B™ = [0, R]S for any Hurwitz (m —n) x (m—n)-
matrix polynomial R. Let Cy = [ ,3 } , Do = [BO+ ] , then so the
controller (6) has the form

_ { riA } D— [r1B+pB+]

r2A+pIn T rzB (10)

where ry, r; have dimensions (m—n) xn,nxn and r = [;}].

B. Existence and parametrization of I-universal controllers

In order to obtain criteria for I-universal controller ex-
istence we need the following lemma. We call a rational
matrix-valued function S stable if S(A) is analytic whenever
Rel > 0.

Lemma 2: If I-universal (respectively, realizable I-
universal) controller (2) there exists a stable (respectively,
proper stable) rational matrix S such that

BS=F (11

The stabilizing controller (2) is I-universal if and only if
G = —DS, where S is stable and satisfies (11).

Proof: Indeed, let (2) be a I-universal controller, then
taking § = —W,/, (where W, /,, is the transfer function of the
closed-loop system from ¢ to u) one obtains due to Wy, =0
that ' = AW, ,, — BW, o, = BS and G = DW,;, — CW, , =
—DS which proves the first proposition of Lemma and “only
if” part of the second one. To prove “if” part consider the
stabilizing controller (2) with G = —DS and notice that

p-1% 2] -
W/ —-C D G S
u

Combining Lemma 2 with the parametrization of stable
controllers from Lemma 1, one easily obtains the description
of all I-universal controllers.

Theorem 1: The following conditions are equivalent:

1) there exists an I-universal controller (2);

2) the equation (11) has stable solution S and there exist

matrix polynomials Cy, Do such that the polynomial

A -B
—Co Do
Any controller (2) with the coefficients as follows

is Hurwitz.

2=

C=rA+pCy,D=rB+pDy,G=—pDyS—rF, (12)

where § is stable and satisfy (11),  is an m X n-matrix
polynomial and p is a scalar Hurwitz polynomial such that
detD # 0, is I-universal. Any I-universal controller is H-
equivalent to one of controllers (12) for appropriate r,p,S.
If S is proper, the controller (12) is realizable if and only if
D~!C is proper matrix.

Proof: Any controller (12) is stabilizing and satisfies
G = —DS, therefore it is I-universal. Consider any /-universal

controller. Since it stabilizes the plant (1), for some r,p is
is H-equivalent to a controller (2) with C,D given by (6).
Due to the Lemma 2, the latter controller should satisfy the
condition G = —DS = —rF — pDoS where S =W, , is a
stable solution of (11). If $ =W, ;, = —D~'G is proper, for
realizability of the controller (12) it is necessary sufficient
that D~!C is proper rational matrix. [ ]

Theorem 1 seems to be not very constructive since it
supposes at least one stabilizing “controller” (possibly, de-
generate) of the form Dou = Cpy to be known. In general
case Cy,Dg may be chosen in a standard way as follows. Let
A~'B=B,A;! where the matrix polynomials A ,, B, are right
coprime [9]. If the greatest common left divisor L of A and
B is Hurwitz (otherwise the plant is not stabilizable), then
one may take Cp, Dy in a way that DgA, — CyB, is a Hurwitz
polynomial. But Lemma 2 shows that the invariance problem
typically has no solutions unless the plant is minimum-phase
in generalized sense (9). In particular, if rk[B(1),F ()] =n
for ReA >0 (B and F has no common left non-Hurwitz
divisor) then (9) must hold for existence of I-universal
controllers. In the same time, for the minimum phase plant
the choice of Cy,Dy is very simple (see Examples 2,3 from
the previous paragraph). We start with the case of equal
dimensions: dimy =n =m = dimu.

Corollary 1: Let m =n and B is a Hurwitz matrix poly-
nomial. Any controller (2) such that

C=rA+pl,,D=rB,G=—rF (13)

with r being n X n-matrix polynomial, detr # 0 and p scalar
Hurwitz polynomial, is I-universal. Any [-universal controller
is H-equivalent to one of controllers (12) for appropriate r, p.
Proof: Follows from Theorem 1 for Cy = 1I,, Dy = 0.
|
The case of overactuated plant is analogous:

Corollary 2: Suppose the condition (9) to hold and m > n.

Any controller (2) with C,D given by (10) and

__[pX
a4

where X is arbitrary stable matrix, is I-universal. Any I-
universal controller is H-equivalent to one of controllers
described for appropriate r,p,X.

Proof: One can see that (11) has infinitely many
solutions: S = [B‘i]_l [§¥] where X is stable. Taking Co, Dy
like in the Example 3 and applying Theorem 1, one obtains
the proposition of the Corollary. [ ]

Notice that for concrete examples it is typically easy to
find realizable controllers amongst the whole family (13) or
(10). For instance, consider the minimum-phase case and
controllers (13). Suppose that A(A) = A9A; + ... + A has
non-degenerate leading coefficient A;. Let N = degp and r
is chosen in a way that degC = deg(rA + pI,) < d. Then
deg(r~ ') =d—N and thus deg(D~'C) < deg(B~!)+d—N
thus for N > d —deg(B~!) the controller (13) is realizable.
Here by degree degX of rational matrix X we mean a number
k such that X (A)A % — X, #0 as |A| — +oo.
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Fig. 1. Vehicle kinematics

III. I-UNIVERSAL CONTROLLERS FOR
TRAJECTORY STEERING.

In the present section we apply the result obtained above
to the problem of trajectory tracking for non-holonomic
wheeled robot. The linearized vehicle models considered
below are analogous to those proposed by Ackermann et al.
[12],[13]. Unlike the Ackermann models, we consider the
case of unicycle-like robots analogous to those considered
in [14].

Consider a three wheel vehicle (Fig.1) with the identical
parallel front wheels, that are non-deformable and controlled
by separate motors (allowing to maintain fixed velocity of the
vehicle while turning). The rear wheel is passive and used
for steering and stabilization only. We assume the robot’s
center of mass C to be located in the middle of the axis
connecting the front wheels, and the robot velocity vector to
be orthogonal to the axis (i.e. the ground is non-slipping).

We assume the vehicle to move with constant speed V =
(Vieft + Vyight) /2 where Vo1, Vyjgn stand for the linear veloci-
ties of the points on the left and right wheels correspondingly.
The vehicle motion is governed by the equations as follows:

Vieft + Vyi
= left rzghtc

0s6
y= Vieft + Vrigh sin® (14)
right — Vleft

0=0=
L

where L stands for distance between the left and right rear
wheels, (x,y) are the Cartesian coordinates of the point C (in
ground-fixed frame) and 6 is the vehicle heading. We assume
o(t) = 6(t) to be the only control input of the system (14).
In general the problem of path following is solved for
some point S which we assume to be on some distance [ > 0
from the axis (see Figure 2). We assume that there is a sensor
mounted at S which measures distance z(¢) from S to the path
(the distance between S and closest point on the trajectory
Ts). The motion of the robot in a sufficiently small vicinity
of the desired trajectory may be analyzed analogously to
[12]. The track section near the robot may be approximate
with an arc of the osculating circle centered at the point
M. The radial ray connecting M with the center of mass C

Ts

Fig. 2. Model linearization

intersects the track in the unique point 7 (which is close to
the projection of C onto the path). Let y(f) be the angle
between the velocity of the vehicle and tangent to the curve
at point 7. If y(¢) is sufficiently small, then [12]

Zo(t) = Vsiny(t) = V() (15)

and thus

H)=Vy@)+lo (16)

Introducing instant angular velocity of the tangent line rota-
tion wr = VR where Ry is the curvature of the path at the
point T, it is easily seen that ¥ = @ — @y thus one obtains
the dynamics as follows:

{Z—Vyﬂrl(u

17
lj/:w—VRT. ( )

So the linearized robot model may be considered as a
linear plant in the input-output form as follows

()= )0 9)&) o

Our goal is to provide the invariance of the output z(¢) of the
unknown beforehand disturbance” R7(¢) which is assumed
to be observable:

lim z(t) = 0 VR7(:).

1—4o0

19)

Eliminating the variable v, the equation (18) may be
reduced to the scalar input-output model of the type (1):

A <%> A1) =B <%) o)+ F (%) Rr(t),  (20)

where
AM) =A% B(A) =IA+V,F(A)=—V2
Accordingly to the Corollary 1, any controller
D(A)w =C(A)z+ G(A)Rr, (21)

with D,C,G given by (13) is I-universal with respect to
the output z(¢), provides (19) and thus solves the trajectory
tracking problem in question.
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LEGO robot with 3 wheels

Fig. 3.

1| desired path
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Fig. 4. Simulation

IV. PERFORMANCE EVALUATION OF THE
TRAJECTORY STEERING CONTROLLER

IN this section we discuss simulation of the controller
(21) for special r,p in the problem of trajectory steering for
a real three-wheeled robot designed of LEGO Mindstorms
constructor [31],[28] (see Fig.3).

Let V = 0.187m/s be the constant velocity the vehicle
maintains, / = 0.2m be the length of the rod where the
”sensor” (point S to be steered) is mounted, L = 0.14m be
the distance between the wheels. We take

rA)=A+1, pA)=—-A3+A2+51+1)

and consider the controller (21) with C,D,G given by (13)
for the specified r,p. It’s easy to show that such a controller
is strictly realizable.

The Figure 4 illustrates the MATLAB simulation of mo-
tion of the described vehicle along the desired path. The dark
line stands for the desired path, the red one is the trajectory
of reference point (sensor), and the green line corresponds
to the motion of the point C (middle of the axis). Notice
that formally the desired path is not a smooth line here but
a polygon, nevertheless the linear model from the previous
section allows to steer this path.

The experiments with real vehicle built from LEGO Mind-
storms have been fulfilled. The desired track is formed by
the black adhesive tape on the smooth floor the robot (more
precisely, virtual point S in front of the wheel axis) has to
follow. The distance and curvature measurements may be
done by either web-cameras scanning some section of the
track (analyzing the geometric form of the curve one may
estimate it’s curvature and distance to it) or using the light-
sensors moving along the line and measuring the intensity
of different colors. The Figure 5 illustrates the motion of the
robot along smooth self-crossing line.

Fig.5

A number of unaccounted factors such as delays in the
actuators, unknown disturbances, etc. make it impossible to
achieve such an accuracy as in MATLAB modelling but the
control algorithm can be seen to work.

REFERENCES

[11 Minorsky N. Directional Stability of Automatically Steering Bodies//
J.Amer.Soc. Naval Eng., 1922, v.34, N2, pp.280-309

[2] G.V. Schipanov,Theory and methods of automatic controllers design,
Avtomatika Telemekhanika, N.1, pp.4-37 (1939) (in Russian).

[3] J.B. Cruz, W.R. Perkins,Conditions for signal and parameter invari-
ance in dynamical Systems// TEEE Trans. Automatic Control AC-11,
614-615, 1966.

[4] J.K. Aggarwal, H.T. Banks, N.H. McClamroch, Invariance in Linear
Systems //Journ. of Math. Analysis and Applications 29, 498-506
(1970)

[5] H. Nijmeijer and A. van der Schaft, Controlled invariance by static
output feedback for nonlinear systems//Systems & Control Letters, vol.
2(1), 1982, pp.39-47

[6] C. Bonivento, R. Guidorzi and G. Marro, Parametric insensitivity and
controlled invariance// Automatica, vol. 11(4), 1975, pp.381-388

[7] W.M. Wonham, Linear Multivariable Control: a Geometric Approach,
Springer-Verlag, New York, Heidelberg, Berlin, 1980

[8] C.A. Desoer, R.W. Liu, J. Murray, R. Saeks Feedback system design:
the fractional representation approach//IEEE Transactions on Auto-
matic Control, AC-25, 1980, pp.399-412

[9] C.A. Desoer, M. Vidyasagar Feedback systems: input-output proper-
ties, Academic Press, New York, San Francisco, London, 1975

[10] B.A.Francis Linear Multivariable Regulator Problem //SIAM J. Contr.
and Opt., 1977, v.15, N3, pp.486-504

[11] B.A. Francis Course in H.. control theory, Springer-Verlag, New York,
Berlin, Tokyo, 1988

[12] J. Ackermann et al. Robust Control Systems with Uncertain Physical
Parameters, Springer Yerlag, London, 1994.

[13] J. Ackermann, J. Guldner, W. Sienel, R. Steinhauser and V.I. Utkin.
Linear and Nonlinear Controller Design for Robust Automatic Steer-
ing, IEEE Transactions on Control Systems Technology, vol.3, N1,
1995.

3348



[14] D. Soetano, L. Lapierre, A. Pascoal, Adaptive Non-Singular Path
Following Control of Dynamic Wheeled Robots, Proceedings of IEEE
CDC 2003, pp. 1765-1770

[15] Theory of Robot Control, C. Canudas de Wit, B. Siciliano, and G.
Bastin (Eds.), Springer Verlag London, 1996

[16] G. Campion, G. Bastin and B.D. Andrea-Novel, Structural properties
and Classification of Kinematic and Dynamic Models of Wheeled
Mobile Robots, IEEE Transactios on Robotics and Automation, Vol.
12, N1, 1996, pp.121-134.

[17] J.Y. Wong,Theory of Ground Vehicles, John Wiley & Sons, Inc.,
Ottawa, Canada, 2001

[18] V.A. Yakubovich Universal Regulators in Linear-Quadratic Optimiza-
tion Problem. In Trends in Control: a European Perspective”, Alberto
Isidori (Ed.), 1995, pp.53-67.

[19] V.A. Yakubovich, Universal regulators in invariance and tracking
problems // Doklady Mathematics. 1995. V.52. N1. 1995, pp.151-154

[20] V.A. Yakubovich, L.LE. Paromtchik, H. Asama, Towards a Universal
Controller for Robust Path Following // 4th International Symposium
on Advanced Vechicle Control, 1998, (AVEC’98), P.13, Nagoya, Japan

[21] Lindquist A., Yakubovich V.A. Optimal Damping of Forced Oscilla-
tions in Discrete-Time Systems. // IEEE Transactions on Automatic
Control, 1997, v.42, N 6, pp.786-802.

[22] Lindquist A., Yakubovich V.A. Universal Regulators for Optimal
Tracking in Discrete-Time Systems Affected by Harmonic Distur-
bances.// 1IEEE Transactions on Automatic Control, AC-44, No 9,
1999, pp.1688-1704.

[23] L.A. Makarov, L.E. Zuber, V.A. Yakubovich, Trajectory tracking prob-
lem for automatic steering and related topics /I Trans. of French-
Russian Institute for Applied and Computer Science named after A.M.
Lyapunov, Moscow, 2001. V.2. P.5-19

[24] A.V.Proskurnikov, V.A.Yakubovich, The problem of the invariance of
a control system //Doklady Math., V.67 N2 2003 pp.291-295

[25] A.V.Proskurnikov, V.A.Yakubovich. The problem of absolute invari-
ance for control systems with delay //Doklady Math., V.70 N1 2004
pp.666-670

[26] A.V.Proskurnikov, V.A.Yakubovich, The problem of the invariance of a
control system with respect to some of the output variables // Doklady
Math., 2006, V.73, N1, pp.142-146

[27] D.C. Youla, H.A. Jabr, J.J. Bongiorno,Modern Wiener-Hopf Design
of Optimal Controllers, Part Il1// IEEE Transactions on Automatic
Control, AC-21, No 3, 1976, pp.319-338

[28] S.A. Filippov, A.L. Fradkov, Cyber-physical laboratory based on
LEGO Mindstorms NXT - first steps, Proc. of IEEE CCA and ISIC
Conferences, 2009, St.Petersburg, pp.1236-1241

[29] S.V. Gusev, LE. Paromtchik, I.A. Makarov and V.A. Yakubovich,
Adaptive motion control of nonholonomic vehicle, Proc. of the IEEE
Int. Conf. on Robotics and Automation, Belgium, 1998

[30] R.M. Luchin, Linear Controller Design for Robust Automatic Steering,
Proc. of IFAC NOLCOS-2001, St.-Petersburg, 2001, pp.46-50

[31] LEGO Mindstorms home page, http:/mindstorms.lego.com

[32] nxtOSEK home page, lejos-osek.sourceforge.net

3349



