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Abstract — The problem of vehicle control is considered in the
paper. The model of vehicle is represented by the equations of
kinematics and dynamics of a rigid body. The features of con-
trol that could appear for complicated maneuvers are investi-
gated. In such motion the determinant of the matrix of kine-
matics may be equal to zero. This fact does not allow to set the
desired dynamics of the closed-loop system in the form of line-
ar equations. In other words the system cannot be linearized
by feedback. The problem is solved by applying adaptive con-
trol systems with a reference model. A procedure for the syn-
thesis of the basic position-trajectory control is proposed. As-
ymptotic stability analysis on base of the method of Lyapunov
functions is considered. Adaptation of control is carried out by
proportional and integral algorithms. The block-diagram of
the closed-loop system is presented. The stability of the adap-
tive control system is proved. It is shown that in the linear
approximation, the characteristic equation of the closed-loop
system is a product of the characteristic equation of the refer-
ence models, the vehicle, and the adaptation subsystem. Mod-
eling results are presented.

Keywords-position-path control, adaptive control, vehicle,
reference model, function of Lyapunov.

L INTRODUCTION

The relevance of the solution of problems of control of
vehicles in real time is explained by requirements to operate
autonomously. Current trends in the development of theory
and systems of vehicles [1] were presented in the XII Rus-
sian Conference on Control Problems reflected. Work [2]
specifies the following main directions of development of
the industry: control of aviation and aerospace vehicles;
control of maritime vehicles; mechatronics, control and
information processing in robotic systems; navigation of
vehicles. Plenary reports indicate the relevance of tasks
related to: navigation of vehicles; versatile control of vehi-
cles, functioning in different modes; control of modern
spacecraft. Topics of section reports allows conclude about
currently relevant problems of high-precision control in
maneuvering, the extension of operation through more de-
tailed mathematical models, increasing the autonomy of
existing vehicles, extension of control intelligence and co-
ordination of the various levels of systems.

Great attention to the planning and control of vehicles
was paid in 19 World Congress IFAC on control, held in
August 2014 in Cape Town (South Africa). There were
made 3 out of 8 reports on robot control and intelligent sys-
tems. More than 25% of the sections of Congress were ded-
icated to the control of mobile robots, vehicle, planning,
navigation, and intelligent control of vehicles. Furthermore,
a large number of submitted reports concerns particular
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issues, reflecting the specific operating environment of ve-
hicles.

Method of position-trajectory control [3], which origin
comes from [5-7], has recently been successfully applied in
autonomous aeronautic complexes [8-11] and autonomous
marine vehicles [12-15]. Position-trajectory synthesiz algo-
rithms were applied for the prototype of high-altitude aero-
nautical platform, successfully tested in December 2013 in
Changsha (China). Prototype of unmanned boat in autono-
mous motion along specified routes with automatic detec-
tion and avoiding obstacles is successfully tested in March
2014 in Taganrog Bay.

The main limitations of the position-trajectory control
systems are related to two aspects.

First, the algorithms for position-trajectory control sets
the linear model of the closed-loop control system, i.e., the
original system is linearized. We denote that similar re-
strictions for non-linear systems synthesis methods are oc-
curred quite often, because subject fulfillment of certain
conditions for a certain models of non-linear processes al-
lows effective synthesis of the control [16]. Particularly
when the matrix of kinematics is nonsingular, model of a
rigid body is a system, linearized by feedback.

Second, disturbances estimators synthesized unrelatedly
to control loop are used for adaptation of the control system
in [8 - 15]. This leads to the need to improve the speed per-
formance of the estimator, which in increases the sensitivity
of the system to noise.

In this paper, the adaptation is carried out within
searchless adaptive systems, originated from Institute of
Control Sciences RAS [17-19]. This approach has proven
its effectiveness and feasibility and continues to develop
[20, 21]. As far as specific tasks of control of vehicles
(docking, motion with obstacles) requires high quality con-
trol in the dynamics, this paper is based on the ideas of sys-
tems with reference model [22-25], which allow to adapt in
transient modes.

II.  SYNTHESIS OF CONTROL LOOP OF NOMI-
NAL REFERENCE MODEL BUILDING A MODEL

We consider the nominal model of the vehicle of the
form [3, 4]

ym :R(ym)xm
X =M’1(F
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Where ), is the vector of linear and angular positions

of a mobile vehicle in the external coordinate system; X, is
the vector of linear and angular velocities of a mobile vehi-



cle in the body coordinate system; R (ym) is matrix of the

nominal kinematics model; F  is the vector of control

um
forces and moments; F;,m is the vector of various forces

and moments acting on the mobile vehicle.

We synthesize for the nominal model (1) controls for
stabilization at a given point. In accordance with the meth-
od of position-trajectory control [3] we introduce an error in
the form

Vi =4y, +4,, )]

Where A1 , Az are matrix and vector of constant coeffi-

cients, reflecting the requirements for point positioning.
Consider the quadratic function of the form

Vg = 0590, ¥ 3)

The time derivative of (3) regarding equations (1), (2)
are equal

REF *

v

REF1 — \P;EF\PREF = (Alym + Az )T AlRmxm - (4)

In order to provide the negative definiteness of the func-

tion (4) X, is given as:
Xm = _QREFR;:AIT (Alym +4, ) )

Where QREF is positively definite matrix.

)

Expression (5) is the desired state of the nominal model
(1). On the basis of (5) the error of a closed-loop control
system of reference model is formed

WY orer = X, + QREFRrZAlT (Alym + Az) (6)

The time derivative of the expression (6), taking into
account the nominal model (1) is equal to

LPVREF =M (F:,m +F,, ) + QREFRrZAIT (Alym + Az)+ @)
+QREF R; AIT Al Rm xm
We demand that error (7) comply with the following
reference differential equation

k4 +TY e =0 ®)

Where T1 is positively defined matrix of the controller

VREF

settings.
We substitute expressions (6), (7) in equation (8), we
obtain an algebraic equation for vector of control of nomi-

nal model F | which solution is

um >

_QREFR;:AIT (Alym + Az ) -
F;m = _F:im +M _QREFRZAfAanzxn1 - (9)
_]I (xm + QREFRIZAIT (Alym + Az ))
Consider the quadratic function
T
Vigrs = 0.5Y pppe'Y yrir (10)
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Derivative of the expression (10) along trajectories of
the the system is
. . T
Vieers = LI‘ZREFTVREF = (xm + QREFR;:AIT (Alym +4, ))
[M_l (Fum +F,, ) + QREFRriAlT (Alym +4, ) +J
X

+QREFR£ A1T AR,x,
Substituting (9) into (11) we get

T
Viegrs = _(‘xm + QREFR;AIT (Alym +4, )) X
XT; (‘xm + QREFR;AIT (Alym + AZ ))

Because the expression (6) not converts system (1) and
(9) into an identity, then according to Barbashin-Krasovskii
additions, closed nominal system is asymptotically stable.

The equation of nominal model, closed by control (9)
have the form

.)./m = R(ym)xm’
X, = _QREFR;AIT (Al Yt 4, ) - QREFR;A‘T AR

-1 (xm + QREFRZ;AIT (Alym +4, ))

e

(12)

x —(13)
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III. THE SYNTHESIS OF CONTROL CIRCUIT MODEL OF

THE VEHICLE

We consider a model of the vehicle on the basis of the
equations of kinematics and dynamics of a rigid body [3, 4]

j/:R(y)x
x=M"'(F,+F,)

Where y is the vector of linear and angular positions of

(14)

a mobile vehicle in the external coordinate system; X is
the vector of linear and angular velocities of a mobile vehi-

cle in the body coordinate system; R(y) is matrix of kin-
ematics; M is the matrix of the inertial parameters ; F is

the vector of control forces and moments ; Fd is the vector

of miscellaneous forces and moments acting on the mobile
vehicle.

Matrix R(y) and vector [, structurally coincides to

the matrix R ( ym) and vector F, respectively.
By analogy with the expression (6) will form the control
goal for the vehicle in the form
¥, =x+0QR" 4/ (A1y+A2) (15)
We complete the model of the vehicle (15) with integra-
tor:
2=, =¥ . (16)
We introduce the error of the position-trajectory control
circuit in the following form

e:x+QRTA1T(A1y+A2)—xm -

(17)
_QREFR;AIT (Alym +4, ) +Bz



Where B is matrix of coefficients of controller tuning.
Demand that error control (17) comply with the follow-
ing reference equation

¢+Te=0, (18)

Time derivative the expression (18) considering equa-
tions (1), (13) - (15) is equal to

é=M"(F,+F,)+0OR" (y) A (4y+4,)+
+OR" () Al 4 Rx = %, = Oy R,, () 4] %
(49, + Ay) = Opee R, (¥) AT AR, +
+B(lPV _\PVREF)

We substitute expressions (17), (19) in equation (18),
obtain an algebraic equation, determined that for the vector

F

F,=-F, +M{_QRT (y)AlT (A1y+A2)_

-OR" (J’) AlTAle +X, + QREFRrZ (J") x

XAlT (Alym +4, ) + QREFRri (y) AlTAlRmxm -

_B(TV - lPVREF)_Tie}

X, = _QarR;AlT (Alym +4, ) - QarRmTAlTA1Rmxm -

-1 (xm + 0y R, A (Alym +4, ))

Consider the quadratic function of the form

V=05¢"e. 1)

Time derivative the function (21) taking into account
equations (1), (13) - (15), (19), (20) is equal

V_:eTé:_{x+QRTA,T(A,y+A2)—xm —} )
_QREFRrYr;AlT (Alym +A2)+BZ (22)
XTl{x+QRTAlT(A1y+A2)—xm —}

O Ry A (Alym + A2)+ Bz

(19)

(20)

Thus, taking into account Barbashin-Krasovskii addi-
tions, closed-loop control (1), (9) and (13) - (15), (20) is
asymptotically stable in Lyapunov terms.

Thus in the control algorithm (9), (20) operation of kin-

ematics matrix R(y) and R(ym) conversion is absent,

i.e., the specified control algorithm can be applied at arbi-
trary pitch angles of the vehicle.

Structure of adaptive position-trajectory control system
(1), (9), (13) - (15) and (20) is shown in Fig. 1.
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Figure 1. Structure adaptive positional and trajectory control

system

The structure in Fig. 1 shows that reference model gen-
erates a nominal trajectory of controlled vehicle. Position-
trajectory algorithm performs the trajectory as tracking sys-
tem. The adaptation is carried out by integral component.
Note that in this structure, the behavior of the reference
model is not corrected, it is assumed that desired trajecto-
ries of the vehicle is predefined.

Structure of control system provides cascade connection
of reference model loops. It allows changing the settings of
each of loops independently of each other. It can be shown
by analyzing the closed-loop system with slowly varying
angles of orientation of a vehicle. In this case, the kinemat-

ics matrix R(y) and R(ym) are constant and the equa-

tion of a closed-loop system with respect to the zeroth posi-
tion are the following
y=Rx

= _(B+Tl)QRTA1TA1y—(B+TI +QRTAITA1R)X_
~T,Bz+BQy Ry Al 47, +Bx, (22)

z= QRTAITAly +x— QREFRZ;Aerlym -X,
= R()%,

%, =T Qe RL A 4, (T, + Quer RL A/ AR, )x,,

The characteristic equation of system (23) has the form
SE+(T,+B+OR" 4] AR)s" +

(23)

D(s)=det| +(T,B+(T,+ B)OR" 4/ AR)s+ |x
+TBOR" A" AR (24)
X(SE+ (T, + Que RL AT AR, )5+ T, + Qe R AT AR, ) =
=det(sE+T,)(sE+QR" 4] AR)(sE + B)x
X(SE+T,)(SE + Qg R, AT AR,

Thus, the characteristic equation (24) is the multiplica-
tion of reference model adaptation loop and vehicle control



loop. Herewith part of the roots of the characteristic equa-
tion depends on the matrices R (y) and R (ym ) .

This fact is explained by the requirement not to use the
calculation of the inverse matrices from the kinematics ma-
trices.

IV. THE SIMULATION RESULTS

Fig. 2 shows the simulation results of the synthesized
adaptive control system (1), (9), (13) — (15), (20).

Simulation was performed for the following parameters
and matrices of controlled vehicle and controller:

A 0
R=
0 4
—cosysindcosy+ cosysindsiny +
cosy cos G ) ) .
+siny sin y +siny cosy
A= sin 4 cosdcosy —cosdsiny ’
) cosy siny + cosy cosy —
—siny cos . . . . .
+siny sindcosy  —siny sin dsiny
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t
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10+15sin(z) cos J cos §
Ap | 23sin(130) »A4,=10  siny cos y
’ 0 1 —tg9cosy tgIsiny
3OSin(t) | |
L 0
(0] [—10]
500 0 0 0] 0 -10
0500 0 0] 0 ~10
0050 o olf=F,= A, =
M= 0 0
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Where [ is the identity matrix of dimension 6 x 6 .
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Figurs 1. The results of the simulation of adaptive svstem .

71



25/

10 15

a — the pitch angle ys#

— il

|===Yegg" |

20005 -

1. e “ Lus st s il
i I 16

.............

b — pitch angle plot samples

Figura 1. Change the pitch anele of the vehicls |

Fig. 3 shows plots of pitch angle. One can see that the
system performs positioning of a vehicle at an angle of
pitch of 2.0 radians, decreasing during movement at an an-
gle of /2 radians. Pitch angle is disturbed.

Plots of variables of Fig. 2 clearly indicates oscillations,
caused by harmonic disturbances. However, these oscilla-
tions can be made sufficiently small by increasing the val-
ues of the matrix adaptation B of controller. This is evident
if we write the transfer function of a closed-loop system
from disturbance:

-1
- AF,(s) (s+T,)(s+OR" 4T A4R)(s+B)

Disturbance suppression is provided by the matrix B,

because matrices 7, QO define desired coordinates and

may be changed only by the top level of control.

We denote that the reference model (23) has no feed-
back, hence the denominator of the transfer function (25)
has the third order.

V.

In this paper we solve the problem of adaptive position-
ing of vehicle in the presence of nonmeasurable disturb-
ances. Adaptive system is applied for solving the problem,
the basic control law is synthesized on the basis of position-
trajectory control and the adaptation is carried out in the
frame of searchless systems with reference models. The
proposed algorithm of adaptive control differs with propor-
tional-integral algorithm of tracking for the reference model

CONCLUSION
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and the procedure for the synthesis of base controller,

which allows not to inverse kinematics matrix of the vehicle.

Feedback for the reference model is drawn with dashed
lines in the structure of Fig. 1. This feedback means a cor-
rection of the initial conditions on the reference model on
the basis of sensor data. This correction can be carried out
only at the initial time or continuously. For example, when
moving in an environment with obstacles or performing
docking desired trajectory of the vehicle is given strictly. In
the case of deviation, the system should provide a return on
a given vehicle trajectory. In this case the system is a gen-
erator of a desired trajectory and tracking subsystem with a
PI-adaptation. If the deviation from the trajectory is allowed
(for example, when moving away from obstacles), we can
build reference trajectory from the current point. In this
case, the correction of of initial conditions for reference
model is produced continuously and closed-loop system is
fundamentally different from the tracking system.

The analysis showed that the synthesized of closed-loop
system is asymptotically stable in the Lyapunov terms. That
allows, in difference to [8, 12, 23] separate tuning reference
model loop, adaptation loop and basic control loop of vehi-
cle. Well-known algorithms [15 - 22] can be used for tuning
of parameters of adaption loop.
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