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COMPUTER SIMULATIONS OF CONTROLLABILITY PROCESSES FOR ROBOTIC
WHEELED PLATFORMS TAKING INTO ACCOUNT RESTRICTIONS OF JERK
MOTIONS

The computer simulations are considered as the required tool to design the suitable autonomous control systems optimal in different
senses and especially in providing the restrictions of the jerk motions for the robotic wheeled platforms. The subject matter of this
research is the development of the theory and methods for computer simulations of the controllability processes of the robotic
wheeled platforms. The goal of this research is to consider the jerks of the wheeled platforms, and the jerks are reduced to the
limitation of the acceleration time derivative of the mass center of the wheeled platform, so that this derivative is considered as the
quantitative estimation of the jerks. The incorrectness in the Hadamard's sense for direct defining the jerks by differentiations of the
phase coordinates in the case of computer simulations using the numerical methods is discussed. Tasks of this research are in
developing the generalized approaches for mathematical modelling and computer simulations and in theoretical receiving of the
properties inherent for the wheeled platforms and suitable for verification the computer simulations results, as well as in making the
calculations to have the quantitative results about the controllability processes for the particular case of the electromechanical four-
wheeled platform under the straight motion with the mode of speeding-up from the state of the rest. Methods of this research are
based on the Lagrange's equations of second kind, as well as on the electromechanical analogies, and on final representing the
mathematical models in the form of the system of the first ordered ordinary differential equations with the initial conditions for further
numerical solving. The computer simulations are accomplished by using the Scilab free open source software. Results of this research
are in the proposed suitable way for computing the jerks by the phase coordinates without its differentiations allow excluding the
incorrectness in the Hadamard's sense, as well as in representing the controllability processes for the electromechanical wheeled
platform, including the results for the velocities, the accelerations and the jerks which are necessary to illustrate the controllability
processes for the robotic wheeled platforms. By comparison with the theoretically established inherent properties of the wheeled
platforms it is shown the correctness of the results of the computer simulations. Conclusions about this research are that the
developed approaches for computer simulations of the controllability processes for the robotic wheeled platforms allow considering
influence of the control on the different characteristics including the velocity, the acceleration, as well as the jerk motions which are
required for designing the controls optimal in different senses.
Keywords: Robotics; Wheeled Platforms; Jerk; Controllability; Mathematical Model; Computer Simulations.

Introduction

Analysis of last achievements and publications

Implementation of the robotic wheeled platform for
excluding human from the executed processes is one of
the main modern trends of the technological development,
and the robotic wheeled platforms are widely
used now for industrial, transportation, military, police,
house-holding and different other purposes. Developing of
the improved control is significantly required
to have the necessary properties providing the suitable
operating for the robotic wheeled platforms relevant to its

operation purposes. It is clearly understood that
developing and designing the improved control
is mostly based on using the opportunities

of improved mathematical
simulations of  the controllability processes
for the wheeled platforms, and this research
is exactly directed to developing the approaches for

modelling and computer

computer  simulations  of  the controllability
processes of the robotic wheeled platforms
which  is  critically  required  for  designing

the control systems optimal in different senses and
relevant for the operation purposes. Thus, the
theme of this research is of current interest, because
of full agreement with the modern global trend in

technological development by means wide
implementing  the  robotic  systems including
the wheeled platforms for making the different

operations supporting by the relevant control systems
properties.

The existed wide interest to the problems about
control of the robotic wheeled platforms are due to the
wide range of the operation purposes for these platforms,
and it can be illustrated by the follows researches [1-3].
Such interest to the control problems is due to the
different circumstances [4-6]. First of all, the structural
and algorithmic designs of the control systems are
principally predefined by the operation purposes of the
controlled systems, so wide range of the operational
purposes for the robotics wheeled platforms inherent for
the modern industries will naturally require the different
kinds of the control systems that must be designed.
Besides, trends in implementing the robotic systems
including based on the wheeled platform cover
permanently the new areas of purposes, and it will require
developing the new kinds of the control systems for the
robotic wheeled platform relevantly to theirs new
purposes. The understandable differences between
controls required for the robotic wheeled platforms used
in the industrial technological processes and for the police
purposes is the illustration in necessities in developing the
different kinds of the control systems for the robotic
wheeled platforms relevantly to their purposes. Secondly,
the operational environment can be significantly different
even for the robotic wheeled platforms with the identical
purposes, and theirs control systems must be relevant to
the particular operational environment, so the wide range
of the possible operational environments leads to
necessities of different kinds control systems for the
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robotic wheeled platforms [7]. Really, the different
environments have the different and even unpredictable
external influences on the robotic wheeled platforms, and
the control systems must provide compensations of these
influences to have the exactly required current states of
the platform. The understandable differences between the
wheeled platform on the soft soil and the wheeled
platform on the on the rigid road is the illustration of
influencing the environment on the requirements to the
control systems. Thus, the wide range of requirements to
the control systems for the robotic wheeled platforms lead
the permanent interest to the problems form the areas
about the structural and algorithmic designs of such
control systems, and each separate research deals with
some particular problem from this area like controlling the
velocity, the acceleration, the path, the jerks and others.

It is understandable that the mathematical models are
used to substantiate the structural and algorithmic designs
of the control systems including for the robotic wheeled
platforms, and computer simulations give the significant
opportunities to have the extended imaginations about the
designed systems even without having the physical
prototypes. Due to these circumstances, the computer
simulations of the controllability processes are widely
used for designing the structural and algorithmic
structures of the control systems for the robotic wheeled
platforms, and the relevant methodologies of such
simulations must be developed, so developing of the
methodologies for mathematical modelling and computer
simulations of the robotic wheeled platforms are in current
interest at present [8-10]. Interest to methodologies of
mathematical modelling and the computer simulations of
the robotic wheeled platforms are permanently due to a lot
of existed particularities inherent for the different kinds of
the wheeled platforms which must be considered in the
mathematical models and must be imagined during the
computer simulations. These particularities can include
the difficultly predicted interactions between the wheels
and the soils and the roads, the aerodynamics effects
during different velocities, the different kinds of damping
in the driving mechanisms. Besides, the perfect
mathematical models and computer simulations are
significantly required for providing the improved indirect
measurements and for designing the intelligent control
systems including for the autonomous wheeled platforms.

Highlight of the earlier unresolved parts of the general
problem. Aim of the study

robotic wheeled platform is widely researched now,
especially in the particulars of controlling the velocities,
the accelerations and the paths including theirs planning.
At the same time, optimization the control is not fully
researched, especially in considering the different
optimum criteria like the used power, the life time, and the
jerks. Control of robotic wheeled platforms taking into
account the motions' jerks restrictions is one of the not
fully developed problem at present, although it really has
significant importance for delicate cargo transportation
[11], as well as for providing the suitable operation
conditions for the sensitive on-board measure devices and
systems. It is naturally that considering of the different
optimal criteria of the designed control for the robotic
wheeled platforms requires the approaches for
mathematical modelling and computer simulations
relevant with these optimal criteria. Taking into account
all these, the subject matter of this research is to develop
the theory and methods for computer simulations of the
controllability processes of the robotic wheeled platforms,
but the goal of this research is in considering the jerks of
the wheeled platforms.

To realize this subject matter and goal of this
research it is planned to solve the follows tasks:

- developing the generalized approaches for
mathematical modelling and computer simulations and
theoretical receiving of the properties inherent for the
wheeled platforms and suitable for verification the
computer simulations results;

- making the calculations to have the quantitative
results about the controllability processes for the particular
case of the electromechanical four-wheeled platform
under the straight motion with the mode of speeding-up
from the state of the rest.

To solve the noted tasks it will be used the
Lagrange's equations of second kind with the
electromechanical analogies, and it will be used final
representing of the mathematical models in the form of the
system of the first ordered ordinary differential equations
with the initial conditions for further numerical solving.
The computer simulations will be accomplished by using
the Scilab free open source software.

Materials and methods

It seems that the problems of the robotic wheeled
platforms control are fully researched due to a lot of
existed publications [1-3], but the most of the existed
publications deals with the separate particularities of the
general problem about control of the robotic wheeled
platforms [4-6], so this general problem is actually not
fully researched now. Besides, permanent implementing
the new kinds of the robotic wheeled platforms requires
the developing the relevant control systems [7], so it
seems that the problem about control of the robotic
wheeled platforms is and will be permanently in current
interest too. Nevertheless, the problem about control the

The general idea of this research is based on using
only the computer simulations to have opportunities of
imaging the controllability processes for the wheeled
platforms without building any physical prototypes. To
have the full imagines about the researched controllability
processes it is necessary to have the improved generalised
approaches providing the relevant mathematical modelling
and computer simulations of these processes for the
robotic wheeled platforms.

To build the mathematical model of the wheeled
platform representing the controllability processes taking
into account the different controls' criteria we will assume
that the state of the wheeled platform can be defined by
the finite dimensional vector x which will be named as
the state vector. It is naturally to imagine that the state
vector is depended on the t time
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x=Xx(t). 1)

Besides, we will assume that the state of control
influencing on the considered wheeled platform can be
defined by the finite dimensional vector u which will be
named further as the vector of the control or just the
control. It is naturally to imagine the vector of the control
as depended on the time t too:

u=u(t). 2)

Taking into account the assumptions (1) and (2), we
can reduce the mathematical modelling of the wheeled
platform to building the following mapping:

u(t) > x(t). 3)

The mapping (3) shows that some control will lead
to some state of the wheeled platform. To research the
controllability processes of transition between the
different given states of the wheeled platform it is
reasonable to define the mapping (3) by means the system
of the ordinary differential equations with the initial
conditions as it is well-known in the control theory. So,
we will assume that the mapping (3) can be represented in
the following view:

dx _ B
E:f(t,x,u), X(ty) =X, 4)

where f(t,x;u) is the vector defining the velocity of

changing the state of the wheeled platform depending on
the time t, the current state x and on the control uU; t; is

some given time moment, and X, is the vector defining the

state of the researched wheeled platform at the initial time
moment t =t .

The mathematical model (4) of the wheeled platform
allows having the full imaginations about changing the
state (1) of this platform at the time moments t>t,

relevant to some given control (2), and this given control
(2) actually characterises the driving power of the wheeled
platform. It is possible in general case at least due to
numerical solving the Cauchy problem (4), and it is the
standard mathematical task, and a lot of computer
technologies are existed to solve this task, including the
Scilab free open source software suitable for engineering
and scientific calculations. At the same time, to design the
control systems relevant to different criteria for the robotic
wheeled platforms it is necessary to have imagines about
time changing of the correspondent parameters defining
the controls' criteria. In the case of the controlling the

robotic wheeled platforms with the restrictions
on the jerk motions formulated for the higher
ordered accelerations we will have the following
parameters:

. dx d®x

= Xy—=— =5 ye-es | 5

i ¢£ prflpee j ()

where j is the vector consisted of the different kinds of the
jerks used for defining the control's criteria; ¢(...) is some

function relevant to the considered jerks used for defining
the control's criteria.

It seems that it is not difficult to calculate the
parameters (5) for the given state vector (1), but such
calculating has in fact some principal difficulties due to
involving the derivatives. Really, computing the
derivatives required to estimate the criteria's parameters
(5) is the principal problem because of it we will have no
the exact analytical solutions for the state vector (1), but
we will have only the approximate solution for this vector
(1), and besides, this approximate solution will be
represented in the discrete form of the values
corresponded to the time moments relevant to the
integrating steps. It seems, that it is possible to use the
finite differences technique to find the derivatives of the
discrete defined functions, but the discrete definitions of
the functions will be predefined by the integrating
procedure, so to have opportunities of using the finite
differences technique the we must have the relevant
integrating steps to have the suitable representation of the
state vector (1) as the result of numerical solving the
Cauchy problem (4). At the same time, it is well-known,
differentiating of the approximate functions is the
incorrect problem in the Hadamard's sense, because of the
small changing of the function will lead to the big and
even infinite changing of their derivatives, so using the
finite differences technique to find the derivatives of the
state vector (1) by using its approximate solution in any
case will lead to the incorrect results, even if we will have
the reliable grid of the data. We had experience of viewing
such incorrectness in the previous researches [10, 11], so
ours previous researches has no results about the higher
derivatives of the state vector (1). At the same time, the
higher derivatives of the state vector (1) are significantly
required to estimate the some kinds of the quality of the
control, including the jerks for example which are defined
as the time derivative of the acceleration. Thus, it is
significantly required to have the reliable general
approach for evaluating the derivatives of the state vector
(1) involved in the definition (5) of the parameters
defining the quality of the control. The main principle of
the reliable general approach for evaluating the derivatives
of the state vector (1) involved in the definition (5) is in
excluding the differentiations of the approximate defined
state vector (1) by using the differential equations (4):

d_ 0% _of of of du
dt oudt’”

. (6)

dt2 ot ox

where f =f(t,xu).

The relations (6) based on the mathematical model
(4) allow having the correct evaluations for the derivatives
of the state vector (1) represented by the approximate
solution of the Cauchy problem (4), because of excluding
the differentiation of the approximately represented
functions with the incorrectness in the Hadamard’s sense.
Really, the partial derivatives of/ot, of/ox and of /ou

can be find correctly due to the exactly defined
mathematical model (4), but the derivative du/dt can be

find correctly because of existing the exact data about the
control. It is necessary to note, that evaluating the third
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and higher derivatives using the scheme (6) will lead to
the more cumbersome relations, but all these relations can
be realized correctly.

Using the mathematical modelling (4) especially
effective is combining with the computer simulations
providing automatically the required numerical solving of
the Cauchy problem (4) and the follows calculations using
the relations (6) for evaluating the researched parameters
(5). It is naturally that using such computer simulations
requires the reliable substantiations of correctness in using
the relevant especially developed software or the proposed
computer models developed by the existed tools of the
used software similar to the Scilab, Matlab, and others.
Such substantiations are often reduced to considering the
especially formulated tasks with the known solutions and
to comparing the results of the computer simulations with
these known solutions. To substantiate the correctness of
the computer simulations based on using the mathematical
model (4) it is proposed to use the test task corresponded
to the following case:

t, =0, X, =0, u(t)=uc, (7

where 0 is the zero vector with the relevant dimension;
u; is some given constant vector.

The well-known fundamental property inherent for
the wheeled platforms is in existing of the maximal
velocity corresponded to the equilibrium between the
driving and resistance powers, so taking into account the
relations (7), we will have the follows:

. dx .
tl'?n;‘,a:vc :>1I|?r2x(t):vct, (8)

where v, is some constant vector corresponded to the u.

is some given constant vector defining the control.
The mathematical model (4) and the properties (8)
allow to formulate the equations for evaluating the v,

vector corresponded to the given constant vector u
defining the control:

!L@f(t,vct,uc):vc. 9)

Thus, the relation (9) is the consequence of the
mathematical model (4), and the results of the computer
modelling the robotic wheeled platforms and their
controllability processes must be in fully agreement with

doL oL _ R oH

R )

where [ is the Lagrange’s function defined as the
difference between the kinetic and potential energies; R
is the Raleigh’s function defining the damping; 4/ isthe
function defining the gyroscopic effects; Q, is the
generalized force relevant to the generalized coordinate
O -

In the Lagrange’s equations of second kind
represented in the form (11) it is assumed that the
generalized coordinates Q, represent the driving power of

+Q (1,0, 0,1,y G, Gy, G5U), k=12,...,1,

the relation (9). The relation (9) represents the most
general property of the wheeled platforms and it can be
sufficient for substantiating the correctness of the
computer simulations. It is necessary to note, that the
considered particular case (7) corresponds to the case of
the transition function of the robotic wheeled platform
imagined as the automation object, and it is in agreement
with the purposes of this research in developing the
approaches for computer simulations of the controllability
processes.

Representing the mathematical models of the robotic
wheeled platforms in the generalized view (4) is in
agreement with the common approaches of the
mathematical modelling of the discrete systems, but it is
necessary to have the approaches to build the
mathematical model (4) representing the particular robotic
wheeled platform. It is really difficult to give the really
generalized approaches for building the mathematical
model (4) for the particular robotic wheeled platform, but
it is naturally to use the well-known approaches of
analytical mechanics and electromechanical analogies,
because of the robotic wheeled platforms are usually the
electromechanical systems. We will assume further the
robotic wheeled platforms as the holonomic systems,
because of such schematisation is suitable for considering
some operational modes including the straight motion on
their rigid road [10, 11]. This assumption allows using the
principal idea of the analytical mechanics about the
freedoms degrees in defining the state of the wheeled
platforms by means the independent parameters:

9 =0 (t).k=12...,n, (10)

where q, is the generalised coordinate; n is the number of

the freedom degrees for the considered wheeled platforms.

It should be noted that the generalized coordinates
(10) can represent not only the mechanical values like the
linear and curvilinear displacements as well as the angles
of the rotations, but also the electrical values like the
electric charges or the voltages in depending on the used
electromechanical  analogies for  modelling  the
electromechanical systems. In any case, it is well-known
in the analytical mechanics that the most general
representation of the differential equations representing
the holonomic electromechanical systems is based on
using the electromechanical analogies and the Lagrange's
equations of second kind:

(11)

the considered wheeled platform. The Lagrange’s
equations of second kind (11) represent the system of the
second ordered ordinary differential equations, so these
equations must be considered with the relevant initial
conditions:

G (t)=a".6 (t,)=d, k=12,...n, (12

where g\” and ¢ are the given initial values of the
generalized coordinates and the generalized velocities.
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The generalized coordinates (10) allow finding
different  parameters  representing the  different
characteristics of the controlled wheeled platforms. To
consider the controllability processes for the robotic
wheeled platforms under the restrictions on the motions'
jerks it is required considering the quantitative evaluations
of these jerks which will be considered further as the time
derivative of the acceleration of the mass center of the
wheeled platform. In this research, we will assume that the
mass center has the straight motion, so for the wheeled
platform considering as the holonomic system with the
generalized coordinates (10) we will have the following:

- 30-3[ 2

k=1

where j(t) is the quantitative evaluation of the jerk.

Relation (14) shows that the jerks of the translational
motions of the wheeled platforms are depended on the
generalized velocities, generalized accelerations and the
time derivatives of the generalized accelerations, as well
as on the building of the wheeled platform.

It is necessary to understand that the Lagrange's
equations of second kind (11) with the initial conditions
(12) have not direct form (4), but it is possible to represent
the differential equations (11) and the initial conditions
(12) in the form (4) by means introducing the relevant
state vector (1) in the following view:

X' =(X X .. X, X

X Xon )

n+1 n+2

X =0, X =0p,.., X, =0,
Xn+1 :qllxmz :qZ"“’XZn :qn

Although, it is possible principally to consider the
mathematical model representing the wheeled platform in
the view (12), (13) of the system of the second ordered
differential equations, but the most of numerical method
for solving the Cauchy problems are foresaw for the
systems of the first ordered differential equations (4), so
reducing the problem (12), (13) to the equivalent
generalized form (4) is principally required for computer
simulations, and the Lagrange's equations of second kind
are just the approach for building of the mathematical
models of the robotic wheeled platforms. Thus, we have
the generalised approaches to build the mathematical
models of the controllability processes of the robotic
wheeled platforms based on the Lagrange’s equations of
second kind (11) and the electromechanical analogies
well-known in the analytical mechanics. Besides, reducing
the relevant Lagrange’s equations of second kind (11) to
the equivalent system (4) of the first ordered differential
equations as well as using the differential equations to
evaluate the derivatives (6) of the state vector all allow
providing the computer simulations of the controllability
processes for the robotic wheeled platforms taking into
account the restrictions of the motion's jerks, and due to
the relation (9) we have the reliable criteria for
substantiating the correctness of the results of such
computer simulations.

(15)

s=5(0,,0,,---,0, ), (13)

where s is the natural coordinate of the mass center of the
wheeled platform.

Due to assumption about the straight motion of the
mass center, and due to the assumed quantitative
evaluation of the jerks as the time derivative of the
acceleration, the relation (13) allows having the follows
representation of the jerk for the considered robotic
wheeled platform:

3
d&} +3— = X4
dt

2 2 3
0°s dg, d°q, asqu]l (14)

Study results and their discussion

To illustrate the possibilities of the proposed
generalized approaches and to have the quantitative
estimations about the controllability processes in the
robotic wheeled platforms we will consider the particular
case of the four-wheeled electromechanical robotic
platform, because this case covers the wide class of the
robotic wheeled platforms typical for the different
applications. Schematisation of the considered four-
wheeled electromechanical robotic platform is presented
on the fig. 1. It is assumed, that the considered wheeled
platform has the straight translational motion of the
housing (pos. 1 on fig. 1a) defining by the s natural
coordinate, and this motion is due to rotations of two
driving wheels (pos. 2 on fig. 1a) defining by the rotation
angle ¢ and occurred by the drive direct current electric

motors joined with this wheels (pos. 3 on fig. 1a); the
housing (pos. 1 on fig. 1a) of the wheeled platform is
supported on the road by means two driven wheels
(pos. 4 on the fig. 1a). The viscous damping on the
housing will be represented be the force F, depending on

the velocity of the translational motion, and the rolling
friction will be represented by the constant rolling
friction couples M, on the wheels. The equivalent

scheme of the drive electric motors (fig. 1b) is reduced to
the electrical inductance, the electrical resistance, to the
supplied voltage U and to the inducted voltage
depending on the rotor angle velocity and counteracting to
the supplied voltage. The state of the electrical
parts of the driving direst current electric motors is
defined by the electric charge e (fig. 1b). To have
opportunities to show the correctness of the results of the
computer simulations we will consider the case
corresponded to the relations (7)—(9), so we will consider
the particular case of the initial state corresponded to the
state of the rest and the case of the constant supplied
voltage:

U (t)=U., (16)

where U, is some given constant.

To make the reliable computer simulations of the
controllability processes for the considered particular
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robotic wheeled platform (fig. 1) it is firstly necessary to
build the relevant mathematical model, and to do this we
will use the Lagrange’s equations of second kind (11) with
the electromechanical analogies as it was foresaw in the
proposed generalised approaches. We will have the
following evident relation between the translational

coordinate of the housing and the rotation angles of all

wheels (fig. 1a):
sS=r¢, (17)

where r is the radius of the wheels (fig. 1a).

U
(<)
<4
-/
pde
dt
1
LI
R
b)

1 —housing; 2 — driving wheels; 3 — drive electric motors; 4 — driven supporting wheels

Fig. 1. Schematisation of the mechanic (a) and the electric motors (b) of the considered wheeled platform

Due to the relation (17) we have the holomomic
system with two freedoms’ degrees (n=2), and we will
use the follows generalized coordinates:

q]_:(quzze'

So, taking into account the generalised coordinates
(18) and the relation (17) the Lagrange’s function £ , the

(18)

L =3337+12L¢;, R =4M.q, +iBrid’ +i2R4:, /4 =0, Q =2M,,, Q,=2(U.-Bqg,).

where J is the inertia moment of the wheeled platform
relatively the rotation of the wheels; p is the parameter

defining the linear viscous damping proportional to the
velocity of the housing (pos. 1 on fig. 1a); L is the

inductance, R is the resistance of the equivalent
electric circuit and B is the electromechanical
parameter of the driving direct current electric
motor.

We will assume that the driving couple from the
direct current electric motor is proportional to the electric
current in the drive’s electric circuit

M., = Bd,. (20)

The Lagrange’s equations of second kinds (11) and
the relations (19), (20) as well as the assumptions about
the state of the rest at the initial time moment will lead to
the follows differential equations:

X

x=| ,u=(Ue), f(t,xu)= _EX
X J
X B
4 _IXS

The generalized relations (13) and (14) representing
the natural coordinate and the jerk, as well as the relations
for the velocity and accelerations of the straight motion
and for the electric current in the drive electric motors of

Raleigh’s function R, the function /4  defining the
gyroscopic effects, and the generalized forces Q, for the

considered electromechanical wheeled platform (fig. 1)
will have the following views:

(19)
‘]q.ln= _Brqu."' Zqu. —4M,, ’ 1)

2L4, =-2Bd, —2Rq, + 2U
0,(0)=0, 6,(0)=0, 0,(0)=0, 4,(0)=0. (22)
We have the mathematical model (21), (22)

representing the considered robotic wheeled platform (fig.
1), but to make computer simulations of the controllability
processes we must represent this mathematical model
(21), (22) in the form (4) of the system of the first ordered
differential equations. To do this, we will use the new
variables (15) corresponded to the case of the n=2.
Besides, we will use the control vector (2) as the one
dimensions vector with one element represented by the
constant voltage (16). Taking into account all these
circumstances, we will have the follows vectors
representing the problem (21), (22) in the suitable form

(4):

X3

X, 0

2B 4M 0

2B My |t =0, x,=| | (23)
4 0

J J

R U, 0

_X4+_

L L

the considered wheeled platform taking into account the
relations (17), (18) (15) will have the following view:

2
dex,

dt? '’ (24)

dx, .
S=rx,v=rga=r—,j=r

|l =x,,
dt ‘
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where s is the natural coordinate, v is the velocity, a is
the acceleration, j is the jerk of the straight motion of the

The general relations (6) allow excluding the
differentiation of the state vector from the formulas (24) in

mass center and | is the electric current in the drive the considered particular caes will have the following

electric motors of the considered wheeled platform. view:
2 2 2 2
o _ pr 28, aM, d X _ POl B, 2By Ma ) 2Bl B, Rese] (29)
dt J J J dt J J J J J L L L

Thus, we have the mathematical model of the
researched controllability processes for the considered
robotic wheeled platform (fig. 1) in the suitable view (4),
(23) for the computer simulations, and we can define
wished additional parameters characterizing the quality of
the control by means of the correct formulas (24), (25).

To have substantiations about reliability the results
of computer simulation we will use the relation (9). In the
considered example (fig. 1) the steady state (8)
corresponded to the equilibrium between the driving and
the damping powers for the considered wheeled platform
(fig. 1) will be corresponded to the motion of the wheeled
platform with the constant velocity and to the constant
electric current in the electric motors circuits:

(Ve 1o 0 0),

where v. is the maximum velocity possible for the
considered wheeled platform and is the relevant
constant current in the drive electric motors’ circuits under
the U, supplied voltage.

The relation (9) for the vector (26), the relations (23)
defining the problem (4) will lead to the following:

T

Ve = (26)

e

Brv, +2Bl. —4M,,, Sv_+RI_=U,.  (27)
r

J h ™ To workspace
s v [128000]

To workspace
s [126000]

To workspace
1 [128000]

To workspace
"l a[128000]

i
dil

To workspace
| j[128000]

a)

4

Relations (27) can be considered as the system of
two linear algebraic equations for finding the established
constant velocity v, of the wheeled platform and the

relevant electric current I, in the drive electric motors’

circuit:

2BU. -4M (R
Br’R+2B°

=Br2UC +4BM
¢ Br’R+ 2B’

(28)

Exactly the values (28) will be used for comparing
with the results of computer simulations to show
correctness of these results.

We will consider further the computer simulations of
the controllability processes for the considered wheeled
platform (fig.1) with the follows numerical parameters:

J =80kg-m?,r=0,2m,B = 75Kkg/s,
M, =50N-m,L=26mH,R=118Q,.
B=4N-m/A

To direct accomplish such computer simulations of
the controllability processes for the considered robotic
wheeled platforms (fig. 1) based on the mathematical
model (4), (23), on the relations (24), (25) and (28), and
on the input data (29) we will use the Scilab free open

source software as shown on the fig. 2. The results of the
computer simulations are presented at fig. 3 and fig. 4.

(29)

1{1=80; r=0.2; =75; Mrf=50; L= i R= ; B=4; U c=60;
2 |k_3< *r°2/1; k_4=2%B/]
3 |loadXcosLibs();
4 |importXcosDiagram(
5 (scs_m); bcs_m.
6 |scicos_simulate(scs_m);
7 |Ve=r*{2*B*U_c-4*Mrf*R) /( “ro2*R+2*B"2) ;
8 |Ic=( Frr2fU_c+4*BANrT) / ( ro2*Re24B72);
9 |subplot(3,2,1); plot(s. ,S. s )i
10 |subplot(3,2,2); plot(v. B )
11|subplot(3,2,2); plot(] 1,[Ve Vel,
12|subplot(3,2,3); plot(a. ,a. . )i
13|subplot(3, J; plot(j. - . IH
14|subplot(3,2,5); plot(I. JIL s )i
15|subplet(3,2,5); plot(] 1,1Ic Ic], )i
16|U_c=5C; scicos_simulate(scs_m);
17 [Ve=r* (2*B*U_c- 4*Mrf*R) / { “r 24 R+2*B"2) ;
18|Ic=( rr2fU_c+4*BAMrT) /| Fro2fRe24B72);
19|subplot(3,2,1); plot(s. .S, B )i
20 subplet(3, )i plot(v. WV ) );
21|subplot(3, J; plot(] 1.,[Vc Ve, );
22 subplot(3,2,3); plot(a. ,a. s )i
23|subplot(3,2,4); plot(j. - ) );
24 subplot(3,2,5); plot(I. I B )i
25|subplot(3,2,5); plot(] 1,[Ic Ic], );
26|U_c=40; scicos_simulate(scs_m);
27 [Ve=r* (2*B*U_c-4*Mrf*R) / “r 24 R+2*B"2) ;
28 |Ic=( rr2fU_c+4*BAMrT) /| Fro2fRe24B72);
29 subplot(3,2,1); plot(s. .S, );
30|subplot(3,2,2); plot(v. WV ) )
31|subplot(3,2,2); plot([ 1,[Ve Vel, );
32 subplot(3,2,2); plot(a. ,a. )
33|subplot (3, i plot(j. BE )
34 subplot(3,2,5); plot(I. I B )
35|subplot(3,2,5); plot(] 1,[Ic Ic], );
b)

Fig. 2. Graphical representing of the computer model (a) and the script (b) for automation on the basis of the program, control of the

researches in the Scilab free open source software
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The results of the computer simulations (fig. 3) are
the full agreement with the fundamental property of the
wheeled platforms generally represented by the relations
(7)—(9) which had the particular view (26)—(28) for the
considered wheeled platform (fig. 1). This full agreement
shows correctness of the result of the computer
simulations using the computer models and script (fig. 2)
especially developed using the Scilab tools. The results for
the jerks (fig. 4) show that the maximum value of the jerk
is at the initial time moment, and this is in full agreement
with the physical sense of the considered problem about
speeding-up the wheeled platform from the state of the
rest. Considering the results for the different values of the
voltage (16) supplied on the drive electric motors (fig. 3
and fig. 4) allows having imagination about the
controllability of the considered wheeled platform and it
allows having the imagination about this wheeled platform
as the automation object. We can see (fig. 4) the
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significant values of the jerks and these results are due to
the impact supplying of the voltage on the drive electric
motors of the wheeled platform. It is possible to decrease
the jerk by decreasing the value of the supplied voltage,
but such smaller values of the jerks will be significant yet,
so to significantly decrease the jerk it is necessary to
provide the smooth time dependent of the voltage supplied
on the drive electric motors. The significant values of the
electric current in the winding on the drive electric motors
at the initial time moment (fig. 3d) are due to the impact
supplying of the voltage on the drive electric motors too.
All these results (fig. 3 and fig. 4) of the computer
simulations lead to the conclusion that optimisation of
control by means choosing the suitable smooth voltage
supplied on the drive electric motors will allow increasing
the quality of operation of the considered wheeled
platform.

1,6

I U I
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e
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1-U,=60V;2- U, =50V;3- U, =40V

Fig. 3. Results of computer simulations (solid) of the translational coordinate (a), the velocity (b), the acceleration (c) and for the
electric current (d) in the drive electric motors for the robotic wheeled platform, as well as the theoretically predicted results (dash) for

the steady state
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Fig. 4. Results of computer simulations of the jerks for the robotic wheeled platform

Conclusion and perspectives of further development

Successful accomplishing of this research allows
formulating the conclusions important for developing the
theory and methods for computer simulations of the
controllability processes of the robotic wheeled platforms.

It is developed the generalized approaches for
computer simulations of the controllability processes of
the robotic wheeled platforms, and these approaches have
the advantages comparing with the existed due to
possibilities of correct estimating not only the coordinates,
the velocity, the acceleration, but as well as the jerk
motions which are required for designing the control
optimal in the different senses. These approaches are
based on the mathematical modeling of the robotic
wheeled platforms by using the Lagrange's equations of
second kind with the electromechanical analogies, so the
wide Kkinds of the robotic electromechanical wheeled
platforms can be considered. The computer simulations of
the controllability processes for the robotic wheeled
platforms are reduced to numerical solving of the
differential equations and the initial conditions of the
relevant mathematical models represented in the suitable
form of the system of first ordered ordinary differential
equations with the initial conditions. On the example of
the Scilab free open source software it is shown that the
universal computer systems developed for the scientific
and engineering calculations can be effectively used for
computer simulations of the controllability processes for
the robotic wheeled platforms.

It is proposed to use the differential equations of the
mathematical model to compute the second and higher
derivatives of the state vector necessary for evaluating the
motions' jerks of the wheeled platforms using the
numerical approximate solutions. This proposed approach
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KOMIT'IOTEPHE MOJAEJIOBAHHS NPOLHECIB KEPOBAHOCTI JJIAA
POBOTHU30BAHUX KOJIICHUX IIVIAT®OPM 3 BPAXYBAHHSAM OBMEKEHbD
PUBKIB PYXIB

KoMm'toTepHe MOJENIOBAHHS PO3IIIAAETBCS K HEOOXIMHMH IHCTPYMEHT /Ui PO3pPOOKM BiAMOBIJHHX aABTOHOMHHX CHCTEM
yOpaBliHHS, ONTUMAaIbHUX Yy PI3HUX CEHcaX, i, 0cOOMMBO, IIOAO 3a0e3neucHHs OOMEXEHb PHBKIB PYXiB sl pOOOTH30BaHUX
komicuux margopm. Ilpeamerom nocmipkeHHsT € po3poOka Teopil Ta METOAMKH KOMI'IOTEPHOTO MOJICTIOBAHHS IPOLECIB
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KEpPOBAHOCTI POOOTU30BaHMX KOJICHUX IuIaTGopM. MeTor0 OaHOTO IOCHIIKEHHS € BpaxyBaHHS PUBKIB KOJICHUX IUIaTGOpM, sKi
BH3HAYAIOTHCA MOX1THIMH 32 YaCOM IIPUCKOPEHHS IIEHTPY Mac KOJIICHOT MIaT(OpPMH, TaK IO LI HOXiJHA PO3TILIIAETHCS K KiTbKiCHA
omiHka puUBKiB. OOrOBOPIOETHCS HEKOPEKTHICTh Y PO3yMiHHI AJlamMapa BHU3HAYEHHS PUBKIB LULIXOM MPSMOro IudepeHIitoBaHHs
($a30BUX KOOpAMHAT y pa3i KOMI'IOTEPHOTO MOJIETIOBAHHS 3a JOIOMOIOI0 OOYMCIIOBAIBHHX METOJIB. 3aBJaHHS JaHOTO
JOCIIJDKEHHST HOJIITaloTh y pO3poOIi y3aralbHEHHWX IIIXOMIB IIOA0 MAaTEMaTHYHOTO Ta KOMITIOTEPHOTO MOJETIOBAHHSI Ta B
TEOPETHYHOMY OTPHUMAaHHI BIACTHBOCTEH KONICHHX IUIAaT(OpM, IO NPHAATHI JIS HEPeBIPKH Ppe3yNbTaTiB KOMIT FOTEPHOTO
MOJICTTIOBAaHHS, a TaKOXX y HPOBEICHHI PO3paxyHKIB JUII OTPUMAHHS KUIBKICHHX pe3yJbTaTiB IIOJ0 IPOLECiB KEPOBAHOCTI IS
KOHKPETHOTO BHIAJKy €CKTPOMEXaHIYHOI YOTUPUKOIIICHOT MIaT(hOPMH MPU MPSIMONIHIHHOMY pYyCi B PeXHUMI PO3TaHSHHS 31 CTaHy
crokoro. MeToam LBOTO JOCTIIKEHHS 0a3yloThcs Ha piBHAHHAX Jlarpamxka Ipyroro poay, a TakoXK Ha EIEKTPOMEXaHIYHUX
aHAJIOTIsIX Ta HA OCTATOYHOMY MPEJCTaBJICHHI MaTeMaTHYHUX MOAENEH y BHUIJISAI CHCTEMU 3BHYAWHHX TUepeHIianbHuX PiBHSIHD
MEepUIOro MOPSAKY 3 MOYAaTKOBUMHM YMOBaMHM I INOAAJIBLIOTO OOYMCIIIOBAIBHOTO PO3B’si3yBaHHA. KOMITIOTEpHE MOJENIOBAHHS
BUKOHYETBCS 3a JOIIOMOTOI0 BUIBHOTO IIporpamMHOro 3abesnedeHHs Scilab 3 BizkputuM komom. Pe3yabTaTH 1IbOro IOCIHIIKEHHS
TMIOJIATAIOTH Y 3aIIPOIIOHOBAHOMY KOPEKTHOMY CIOCO01 0OUHCIIeHHs PUBKIB Yepe3 (a30Bi KOOpAUHATH 0e3 IXHBOTO TudepeHniloBaHHs,
IO J03BOJSE€ BHKIIOUYNATH HEKOPEKTHICTh y pPO3YMIHHI Apjamapa, a TakoX IPEACTaBUTH IPOLECH KEPOBAHOCTI IS
@JIEKTPOMEXaHIYHOI KOJIICHOI IIaT(OopMH, BKIIOYAIOUM Pe3yNbTaTH IS IMIBUAKOCTI, MPUCKOPEHHS Ta PUBKIB, sKi HEOOXimHI Uit
iTrocTpanii MmpoIeciB KepoBaHOCTI poOOTH30BaHMX KomicHHX IaTgopm. LIsxoM MOpIBHAHHS 3 TEOPETHYHO BCTAHOBICHUMH
BJIACTHBOCTSAMH KOJIICHUX IDIaTGOPM IMOKA3aHO MPABWIBHICTD PE3YNIbTaTiB KOMITIOTEPHOTO MOJCIIOBaHHSA. BHCHOBKH II0J0 I[LOTO
JOOCHI/DKEHHS TMOJNATaloTh y TOMY, MO PO3POOJEHI MiAXOOM INOJO KOMII'IOTEPHOTO MOJETIOBAHHS MPOLECIB KEPOBAHOCTI
PpOOOTH30BaHHUX KONICHUX IIaT(HOpPM JO3BOJIIOTH BpaxXyBaTH BIUIMB KEPyBaHHS HA Pi3HI XapaKTEPUCTUKH, BKIIOYAIOUN IIBUAKICTb,
IIPUCKOPEHHSI, @ TAKOXK PHUBKHU PYXiB, Ki HEOOXITHI IJIsI IPOSKTYBaHHS YIPABIIiHHS, ONTHMAIEHOTO B Pi3HHX CEHCAX.

KmrouoBi ciaoBa: poOOTOTEeXHiKa; KONICHI IDIaTGOPMH; pPHBOK; KEpPOBAaHICTh; MaTeMaTHYHA MOJENb;, KOMI'IOTEpHE
MOJIEITIOBaHH.

KOMIIBIOTEPHOE MOJIEJIUPOBAHHUE ITPOLIECCOB YIIPABJISIEMOCTH
POBOTOTU3UPOBAHHBIX KOJIECHBIX INIAT®OPM C YYETOM
OI'PAHUYEHHWU PBIBKOB B KEHUU

KoMIbroTepHOE MOJEIUPOBAHKUE pacCMaTPUBAETCs Kak HEOOXOAUMBII MHCTPYMEHT JUISl IIPOCKTHPOBAHUS MOJXOASIINX aBTOHOMHBIX
CHCTEM YIpAaBJCHHs, ONTHMAIBHBIX B pAa3IMUHBIX CMBICIAaX H, OCOOEHHO, B OOECIICUCHHWH OTPAHWYCHHUS PHIBKOB BIKECHHI
poGoTH3MpOBaHHBIX KoJlecHBIX IUiatgopMm. Ilpeamerom uccienoBaHus sBISETCS pa3pabOTKa TEOPUH M METOJOB KOMITBIOTEPHOTO
MOJICTIMPOBAHMs TPOLECCOB YIPABISIEMOCTH POOOTU3MPOBAHHBIX KoJiecHBIX uaTdopm. Lleaslo maHHOTO MCCIeOBaHMS SIBISETCS
paccMOTpeHHe PHIBKOB KOJIECHBIX IIaT(GOpPM, IPHYEM PBHIBKH ONPEAEISIOTCS IPOM3BOAHBIMU II0 BPEMEHHU YCKOPEHHUS LIEHTpa Macc
KOJIECHO! maTdopMbl, Tak YTO 3Ta MPOM3BOJHAS PACCMAaTPHBACTCA KaK KOJNMYECTBEHHAs OLEHKAa pbIBKOB. OOCyxmaercs
HEKOPPEKTHOCTh 0 AZlaMapy BBIYHCIICHHS PHIBKOB HPsMbIM I depenunpoBanreM (Ha3oBbIX KOOPAUHAT B CIydae KOMITBIOTEPHOTO
MOJICIUPOBAHUS. C HCIOJb30BAaHUEM YHCICHHBIX METOJIOB. 3agadM HACTOSIIEr0 HCCICIOBAHUS 3aKIIYaloTCs B pa3paboTke
00O0OIIEHHBIX TMOAXOJOB K MaTeMaTHYeCKOMY M KOMITBIOTEPHOMY MOJECIHPOBAHHIO; B TEOPETHYECKOM MOJIYYCHHH CBOWCTB,
NPHUCYIINX KOJIECHBIM MIaTGopMaM M MPUTOAHBIX Ul BEpU(HKALUK PE3yIbTaTOB KOMIBIOTEPHOTO MOJCIMPOBAHNUS; B TIPOBEICHUN
pacdeToB ISl TOMy4eHHs] KOJIMYECTBEHHBIX PE3YJIbTaTOB O MPOIEccax YNPaBIIEMOCTH Ul YaCTHOTO CIIydasi DJIEKTPOMEXaHUYeCKOi
YETHIPEXKOJIECHOH IaT(OPMBI NMPU MPSIMOJIMHEHHOM JIBIDKEHUH B PEXKHUME Pa3rOHa W3 COCTOSHHS MOKOs. MeToIbl MCCIeIOBaHUs
OCHOBaHBI Ha ypaBHEHHMsIX Jlarpamka BTOpOTo pojia, a TakiKe Ha 3JEKTPOMEXaHHUECKHX aHAJIOTHSIX M OKOHYATEIbHOM IPE/ICTAaBICHUI
MaTeMaTHYeCKHX MOJENed B BHJE CHUCTEMBI OOBIKHOBEHHBIX NU((EepeHIMaNbHBIX YpPaBHEHHH MEpPBOTO IOpsIKa C HavyalbHBIMU
YCIOBUSIMH IJIS  JIQNbHEHIIEro YHCIGHHOro pemieHus. KOMIbIOTEpHOE MOJENMPOBAHHE BBIMONHICTCS € HCIONB30BAHHEM
GecruaTHOro mporpaMMHoro obecredenus SCilab ¢ OTKpBITBIM HCXOIHBIM KO/IOM. Pe3yJIbTaThl HCCIIEIOBAHMS 3aKIIFOYAIOTCS B TOM,
YTO MPEIJIOKEH KOPPEKTHBIN cIIOCcO0 BBEIYHMCICHUS PBHIBKOB 10 (pa3oBBIM KoopauHaTam 0e3 ux auddepeHInpoBaHus, YTO O3BOISET
UCKITIOYUTh HEKOPPEKTHOCTh B CMBICIE AJlaMapa, a TAKkKe B H3YYCHUH MPOLIECCOB YIPABISEMOCTH IEKTPOMEXaHHIECKOH KOJIECHOH
iaTGOpMbl, B TOM YHCIE PE3yJIbTATOB U CKOPOCTEH, YCKOPEHHH W PBIBKOB, HEOOXOAMMBIX I WILTIOCTPALMU IIPOIECCOB
YIPaBISIEMOCTH POOOTH3MPOBAHHBIX KOJIECHBIX IuIatdopM. IlyTeM cpaBHEHHS C TEOPETHYECKH YCTaHOBJIECHHBIMH COOCTBEHHBIMHU
CBOMCTBaMH KOJIECHBIX IIaT(GOPM IOKa3aHa MPaBHIILHOCTh PE3YJIbTATOB KOMIBIOTEPHOTO MOJEINPOBaHMs. BBIBOABI 10 HaHHOMY
UCCIICJOBAHUIO 3aKJIIOYAIOTCS B TOM, YTO Pa3pabOTaHHbIE TMOJAXO/AbI K KOMIIBIOTEPHOMY MOJEIHPOBAHUIO IIPOLECCOB YIPaBIIEMOCTH
POOOTH3UPOBAHHBIX KOJECHBIX IIaT(HOPM MO3BOJSIOT YYHTHIBATH BIMSHHE YIPABICHUS HAa pa3inYHbIC XapaKTePUCTHKH, BKIIOYAs
CKOPOCTh, YCKOPEHHE, a TaKKe PBIBKM [IBH)KCHHH, HEOOXOMMMBIC Ul MPOEKTUPOBAHHS ONTHMAJIBLHOTO B Pa3HBIX CMBICIAX
yIpaBiIeHHs.

KiroueBbie cji0Ba: poOOTOTEXHUKA; KOJIECHBIE IIATGOPMBI; PHIBOK; YIIPABIISIEMOCTh; MaTeMaTHIECKasi MOJIENb; KOMITBIOTEPHOE
MOJIETIMPOBaHHUE.
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