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1. Introduction out modern earth moving machinery, capable of developing
strong, frozen and rocky soils.
Intensive exploration of mineral deposits, transportation Taking into consideration that frozen and hard soils have

and construction of oil and gas pipelines is impossible with-  elevated strength, exploration by the earth moving machines




is impossible without a pre-treatment aimed at reducing soil
resistance to its further development [1].

Different methods haven been employed for the excava-
tion of frozen and rocky soils [2, 3], the main of which are
the drilling and blasting operations and loosening the soil by
tractor mounted rippers.

It is an important problem to improve control systems of
ripping aggregates in order to partially or completely replace
human-operator from the control circuits over internal com-
bustion engines and the position of the working body.

2. Literature review and problem statement

The most effective way to destroy frozen and hard soils in
terms of machine performance and the cost of soil develop-
ment is the horizontal layer-wise loosening by the mounted
rippers based on powerful tractors [1].

In paper [2], authors analyze existing designs of ripping
units and principles of their implementation, but fail to
outline development trends for rippers with respect to math-
ematical substantiation.

During horizontal loosening, a soil chip is torn off the
massif is in the direction of the open surface, which is the
least energy intensive. In this case, the efforts of stretching
(tearing) dominate, which are several times smaller than the
efforts of compression or shear [4].

Loosening the soil, in comparison with carrying out
earthwork by a drilling and blasting method, ensures lower
costs, improves the quality of work and are less hazardous to
the environment [5].

The efficiency of the ripping unit largely depends on the
rational modes of operation of a power unit. Control systems
that are commercially available now, indicating instruments,
as well as the slow reaction of the human operator to the con-
ditions of work process that change fast, make it impossible
to utilize the traction-coupling properties of the machine in
full [6].

In the process of work of the ripping unit, its running
hardware interacts with the soil, which causes uncon-
trolled displacement of the working body in space. This
leads to a change in the depth of loosening and, conse-
quently, to a change in the soil reaction on the working
body. [7].

Papers [8, 9] analyzed factors and presented mathemat-
ical equations to determine a position of the working body
of the ripper. Article [8] did not construct a mathematical
model of interaction between the engine and the soil. In pa-
per [9], authors did not examine the impact of soil reaction
when it is destroyed on the uncontrolled displacement of the
working body.

Thus, based on an analysis of the scientific literature,
it was revealed that a scientific problem on stabilizing the
motion of mounted equipment of the ripping unit has not
been stated up to now. Given large dynamic loads on the base
machine, it is necessary to improve the reliability of mounted
equipment by controlling the uncontrolled displacement of
the working body.

3. The aim and objectives of the study

The aim of present study is to improve efficiency of the
ripping unit by reducing dynamic loads through the forma-

tion of a controlling signal to the mounted equipment of a
ripping unit.

To accomplish the set aim, the following tasks must be
solved:

—to develop physical models and formulate criteria of
similarity for the mathematical and physical modelling of
the controlling signal to the mounted equipment of a ripper
taking into consideration actual relief of terrain;

— to construct a mathematical model of soil relief during
interaction between a ripper engine and the surface of soil;

— to construct a mathematical model of the influence of
soil reaction at its destruction on the uncontrolled displace-
ment of the working body;

—to compare experimental and modelled micro reliefs
and random processes and to prove adequacy of the proposed
mathematical models.

4. Development of basic approaches and mathematical
substantiation for physical modelling of the working
process of ripping equipment

A mathematical model of the soil surface may be repre-
sented by deterministic or stochastic (random) functions
[8,9].

Soil surface irregularities are a mathematical notation
in the form of deterministic functional dependences of the
vertical coordinate of soil surface z,(¢) on time [8]. These
dependences are used mainly in research aimed at increasing
the level of soil development and when determining bound-
ary values for parameters. They can be represented in the
form [9, 10]:

— harmonic signal

z,(6)=A-sin(®-t+V);
— pulse

i, (@) .
de -’

z,(0)=

— stepwise action

(0 0 atz<0;
zZ =
’ +h att=0.

Application of the stochastic models of soil relief makes
it possible to solve the tasks on the interaction between an
engine and soil during motion of the base machine along
a supporting surface taking into consideration actual soil
relief [9—-11].

Uneven terrain relief can be divided into macro relief,
micro relief, and roughness. The macro relief includes
irregularities of considerable length (over 100 m) and rel-
ative height, which practically do not cause oscillations of
the machine and uncontrolled displacement of the work-
ing body [8]. Roughness is characterized by irregularities
with length less than 0.5 m, which are compensated for by
the levelling capability of the elements of running equip-
ment [8, 9].

Micro relief irregularities are one of the main reasons
that cause uncontrolled displacement of the frame of ma-
chine and the working body [9]. In line with the purpose
of present work, of the greatest interest is the action of



micro relief on the elements of running equipment of the
ripping unit.

Mathematical notation of the micro relief has been ad-
dressed in many studies whose authors conducted statistical
analyses of different soil surfaces [8].

In papers [8—10], the surface of soil is considered to be
a stationary and ergodic random function of two variables:

y=y(x,2), )

where x, z are, respectively, longitudinal and transverse
coordinates of a certain average plane, relative to which the
heights of irregularities change.

In this case, sufficient statistical characteristics of the
soil micro relief is its correlation function R(/), or a normal-
ized correlation function (/) and spectral density S(w).

Correlation function R(/) gives an idea about a change in
the micro relief along the length of section /, spectral density
S(w) about frequency of repeated lengths of irregularities.
The argument of the spectral density is the road frequency:

w=—", (2)

where v, is the motion speed of machine; L, is the length of a
micro relief irregularity.

Two-dimensional correlation function of the surface,
which is described by equation (1), takes the form [8, 9]:

R(1,)=

= limLT jy(x,z)~y(x+l1,z+l2)dxdz. 3)
P 4xzZ-x-2

Two-dimensional correlation function R(/j, Iy) is re-
placed with two non-correlated functions: a function of
the middle cross-section of longitudinal profile y(/), and a
function of the inclination angle of cross-section y,(/) of the
surface [8, 9]:

y(H=0.5-(y,(D+y, (1)) )

(,(D-y,D)

y,(D= L

(6

where v,(I) and y,(/) are the functions of micro relief of
cross-sections of soil surface according to the left and right
track; Ly is the track width.

Statistical characteristics of the micro relief are de-
scribed by two correlation functions:

R, (D)= lim— j;y(x)~y(x+l)cbc; (6)
v 2x Y

Ry(l)zlirn—l j;y(x)-y(x+l)dx, )
v 2x Y

A normalized correlation function takes the form:
r(l)=R(l) / R(0); (©)
R(0)=D=0¢?, )]

where D is the variance; 6 is the root-mean-square deviation.

Spectral composition of the random function is charac-
terized by spectral density S(®), which can be determined
from the correlation function by applying the Fourier trans-
form [8, 9]:

S(w)= T R([)-e7™dl. (10)

In a general case, existing models of the micro relief can
be represented in the form:

r(l)= 2 Ae . cosB 1, (11)
i=1

where

3 A=t
i=1

a; are parameters that characterize correlation attenuation;
B; are parameters that characterize correlation periodicity.

To implement a random micro relief, a computer usually
employs a special algorithm [8]. This algorithm is based on
converting a stationary sequence of x; independent normally
distributed random numbers (discrete white noise) into se-
quence y,. A recurrent equation of the following form is used
for this purpose [12, 13]:

Yyi=ax,tax  +.tax,, ~by, by ,—.-by, =
! m
zzaK‘xi—K—szyi—K’ (12)
K=0 K=t

where xi is the implementation of independent normally dis-
tributed numbers with parameters m,=0 and c,=1.

In this case, the form of a recurrent equation is defined
by the from of correlation function [14].

Equation (12) describes the behavior of some discrete filter
that would convert white discrete noise that is sent to its input
into a stochastic process with assigned correlation characteris-
tic. Transfer function of this filter takes the form [12, 14]:

1
!
ay+az+..+a:z pars

y(2)= 1+bz+..+b,2" T

(13)

Based on transfer function (13), it is possible to map a
principal circuit of the discrete filter (Fig. 1), which is de-
scribed by recurrent equation (12) [12, 14].

x(n)

1 m
y(m)=Y ax(n—k)= > by(n—k)

Fig. 1. Principal circuit of discrete filter



When constructing motion equations of the base tractor,
we assume the following:

— a base tractor moves rectilinearly;

— joints of conditional shafts do not deform (energy loss
for the deformation is insignificant);

— connection between the mounted equipment and the
frame is absolutely rigid.

Uniform rectilinear motion of the base tractor, expressed
in momenta, reduced to the conditional shaft of the tractor:

M,=M,+M,, (14)
where M, is the momentum on a conditional shaft of the tractor;
M; is the momentum of rolling resistance of the tractor; M,, is
the momentum of resistance created by the working body.

With respect to the uneven rectilinear motion due to the
action of micro relief irregularities on the running equip-
ment, this equation will take the following form:

do,
dt

M, =(Js+J)—=+M,+M, -M, (15)

where w9 is the angular velocity of a conditional shaft of the
tractor; M, is the momentum, reduced to the shaft of the trac-
tor, which occurs due to the downhill motion of tractor (we
consider a forward tilt of the tractor along the motion direc-
tion to be a positive angle); /3 and J's are the momenta of in-
ertia of the tractor and the mounted equipment, respectively.

The tractor rolling resistance momentum, reduced to the
shaft of the tractor:

T
M=,

l[r

(16)

where Py is the tangent rolling resistance force of the base
tractor; i, is the transmission gear ratio; 7 is the radius of the
drive wheel of the base tractor.

In rectilinear motion, force Py depends on parameters of
the engine, weight of the machine, actual motion speed and
soil conditions. For a given tractor, at work on the given soil,
with the given mounted equipment:

Pf = f(vlr)' an

The equation that approximates dependence Py=f(v;,) for
the tractor T-170 on the V category soil takes the form:

P, =-0.050? +1.150, +0.2, (18)

Momentum of resistance that is created by the work-
ing body:

M :ff)kr’

70

19)
where Py, is the force of traction resistance.

A momentum arising due to the downhill motion of the
tractor is derived from expression [15]:

7,
—_k 7
M, =-+G,sinaq,

l{r

(20)

where G,, is the weight of the ripping unit; a is the inclina-
tion angle of the base tractor relative to the horizontal plane.

The actual motion speed of the base tractor is deter-
mined from expression [15]:

ey

v, :%(1-5)03,,,
tr

where & is the skid coefficient; o, is the angular velocity of a
conditional engine shaft.

Dependence of skid coefficient on the traction resistance
force, for a caterpillar ripper at work on the frozen soil, can
be approximated by dependence:

5 =a })kr ,
Ber max

where a is the coefficient that depend on the type of engine
and the surface of motion; Py, pax is the maximum force of
traction resistance.

For the base tractor T-170, at work on the frozen loam
without spurs, coefficient a can be taken equal to 0.06.

Thus, after substituting in equation (15) expressions
(16), (18)—(20) and expression (22) in (21), we obtain a
system of equations that describe uneven gradual motion of
the base tractor:

[ P
0, ::}3(1_;’”de;

tr kr max

Mv=<13+f3)dcj‘;2+(f)x

x[(~0.050% +1.150, +0.2)+ B, =G, sinat].

(22)

The choice of an interaction model between running
equipment of the ripping unit and soil is based on the follow-
ing preconditions:

— determining linear and angular displacements of the
ripping unit in a two-dimensional space;

— taking into consideration elastic-viscous properties of
the suspension and the deformation of soil;

—taking into consideration the action of soil reaction
force on displacement of the frame.

When constructing a model of interaction between the
running equipment and soil, it is necessary to accept the
following assumptions:

— elastic-viscous properties of soil are not accounted for
due to their small magnitudes when working on frozen soils;

— effect of the mass of suspension elements on displace-
ment of the frame are not considered;

— the profile of path under both caterpillars is the same;

—rolls are in constant contact with a caterpillar;

— frame of the tractor and elements of the mounted
equipment are absolutely rigid;

— the angle of inclination of the line of loosening resis-
tance action at the oscillations of the frame is constant;

—vertical load on the left and right caterpillars is the
same.

In order to construct a model, we apply an estimation
scheme, in which the caterpillar is divided into two semi-cat-
erpillars, which interact with soil. They are joined together
via the frame. Elastic-viscous properties of each semi-cat-
erpillar are characterized by rigidity coefficients ¢y, ¢o and
damping coefficients pq, po. Since we employ a flat estima-
tion scheme, the coefficients of rigidity and damping are the



sum of the rigidity and damping coefficients of the left and
right caterpillar for each semi-caterpillar.
Micro relief is generated from correlation function [12]:

R,()=c"-¢"" cospl, (23)
where o is the root-mean-square deviation, for the longi-
tudinal profile 6=0.015..0.08 m, for the transverse pro-
file 6=0.05...0.28 m; «; are parameters that characterize
correlation attenuation, for the longitudinal profile a=
=1.4...2.8 rad /s, for the transverse profile a=2.3...3.9 rad /s; B;
are parameters that characterize correlation periodicity, for
the longitudinal profile =1.0...1.5 rad/s, for the transverse
profile p=1.2...3.6 rad /s; [ is the length of the section.

For taking into consideration the levelling capability of
caterpillars, we use an expression in the discrete form [9]:

n+k

ym= | v,

m=n—k

(24)

where £=0.5(M-1); M is the averaging interval; y(m) are the
ordinates of the non-levelled micro relief.

The micro relief, when levelled, is characterized by verti-
cal coordinates under the front yy and the rear y, semi-cat-
erpillars.

Coordinate origin is connected to the center of gravity
of the ripping unit in its initial position. We consider an
uphill direction to be an additional direction of the y axis,
and the additional direction of angle ¢ is the forward tilt of
the ripping unit.

Equilibrium conditions for the frame of a ripping unit
based on the D’Alembert principle:

(25)

2 2 2
M%:Z}L-{-ZFM-FE”
i i=1

=1

where M is the mass of the sprung part of the tractor; F
is the force that acts on the frame from the elastic element
of the i-th semi-caterpillar; F,; is the force that acts on the
frame from the damping element of the i-th semi-caterpillars.

TS S,

J}'ﬂ 7.2
dt? i=1 i=1

(26)

where J,,=/3%J4 is the momentum of inertia of the tractor
frame and working body relative to the transverse axis,
which passes through the center of gravity; M.; and M,,; are
the momenta relative to the center of gravity from forces
F.; and F,;; Mgy, is the momentum relative to the center of
gravity from the force of soil reaction to the working body.

The forces acting on the frame from the elastic and
damping elements:

dy.
! 27
R 27)

Fy=cy, Fy=p;
where y; is the vertical coordinate under the i-th semi-cat-
erpillar:

Y, =y+Ay, (28)
where Ay; is a change in the vertical coordinate under the

i-th semi-caterpillar.
With respect to expression (28):

2

E,=c,-(y+Ay)+c, (y+Ay,), (29)
i=1
: d(y+Ay,) d(y+Ay,)

F.=p,- Ztp,- 27, 30
; pi p1 dt +p2 dt ( )

After substituting expressions (29) and (30) in equation
(25) and following certain transforms, we obtain:
d’ d
M dtzz/ +(p1 +p2)d7!;+(c1 +Cz)y:

_dAy,
_p1 d[

dAy,
dt

+6Ay, + p, +¢,Ay, + F,. (31)

When converting differential equations into algebraic
equations, equation (31) will be written in the form:

(T, p*+T,,p+1)y=
=(k,p+ky, Ay, +(ky, p+ky YAy, + ks F,

Sy~ v

(32)

where T, and Ty, are the time constants; kyy, ko, k3, 4y and
ks, are the gain factors.

M T _PtDs,

T o= (33)

1y ? 2y ’

Cc, +¢C, c,+¢C,
_ D __G b o= b,

1y v Moy T v W3y T ’

Cc,+¢C, C,+¢C, C, +¢C,
c, 1

4y = ’ S5y = . (34)

c, +c, Cc, t¢C,

Equation (32) shows that the vertical coordinate of the
frame of a ripping unit is affected by changes in the vertical
coordinates of micro relief under the left Ay; and the right
Ay, semi-caterpillars, and vertical component of soil resis-
tance on working body F,. Applying the principle of superpo-
sitions, we obtain the following transfer functions:

W = y(p) — k1yp+k2y (35)
' Ay(p) T,p+T,p+t
Yy Yy
W = y(p) _ kayp+k4y (36)
" Ay (p) T, p 4T, p+t
Yy Yy
k
F, _ ]/(p) _ S5y (37)

Y " F(p) T,p'+T,p+1

Expressions (35)—(37) make it possible to represent
a mathematical model of the vertical displacements of the
frame due to a micro relief action in the form of a principal
circuit shown in Fig. 2.

Ay,

| kptk,
Ay, + 1
+ Y
ki p+ ks, X ALl [
1y y

F,

v

ks

¥y

Fig. 2. Principal circuit of vertical displacements of the frame
of ripping equipment



The momenta of forces acting on the frame from the elas-
tic and damping elements:

... (38)

M.=c -y -r, M .
ct ly1 1 dt

pi = Dir

where 7; is the distance from the center of gravity to the cen-
ter of the i-th semi-caterpillar.
For rotational movements of the frame:

Y =10+ Ay, (39)
We shall obtain with respect to (39):

2

chi=_C1'(”1'¢+Ay1)+02'(72'¢+A?/2)’ (40)
i=1

2 . .

ZM =—p d(’? ¢+Ay1)+p2.d(72 ¢+Ay2) (41)

e ! dt dt

After substituting expressions (40) and (41) in equation
(26) and following certain transforms, we obtain the follow-
ing equation:

Lo
st

d
+Hp, 1y p1'1’12)d—i)+(62'7’22—61'7’12)¢=

dA
=—(p1~r1~7y1+61-n-Ay1)+
dAy.
+(py1y '7y2+62'7‘2 AY,)+ My,

0 (42)

When converting differential equations into algebraic
equations, equation (42) will be written in the form:
(Top* + Top+ 10 =~(kyp+ kyy YAy, +

+(k3¢p + k4¢ YAy, + k5¢MFm’ (43)

where Ti, and Ty, are the time constants; by, k2g, R3¢, k4 and
ksqare the gain factors.

2 2
Ju = pye,
T1¢= 5 pa =, T :p2 22 p1 é; (44)
Cy'ly =6y Cy'ly =€y
b= pih _ 4N
10 2 20 ™20 T 2 27
Cy Ty —=C° 1y Cy'ly =€y
-7, C, 7.
k3¢= Izz : 27 k4¢= 22 : 27
Cy Ty =C° 1 Cy Ty =C° 1y
1
by, = (45)

2 7
Cy Ty =Gy

Equation (43) shows that angular oscillations of the
frame of a ripping unit are affected by changes in the vertical
coordinates of micro relief under the front Ay and the right
Ay, semi-caterpillars, and a momentum from soil reaction on
working body Mpy,.

Applying the principle of superpositions, we obtain the
following transfer functions:

WA% — q)(p) —
[ 2 ’
Ay (p) T,p +T,p+1

k1¢p+k2¢

(46)

Ay, _ q)(p) _ k3¢p+k4¢
M = ) Top T T “7
0 2%
k
WM — o(p) _ 50 (48)

* M (p) T,p +T,p+1

Expressions (46)—(48) allow us to represent a mathe-
matical model of angular oscillations of the frame from the
action of micro relief in the form of a principal circuit, which
is shown in Fig. 3.

Ay,
Ay, + > 1
¢
k +k P I

+

MFro k
-5'47

Fig. 3. Principal circuit of angular displacements of the frame
of a ripping unit

In order to determine a change in the position of the
working body depending on displacements of the frame of a
ripping unit, it is possible to use a procedure from [10]. We
shall represent changes in the position of the working body
depending on displacements of the frame in the form of a
dynamic link whose input is a change in the vertical coordi-
nate of the center of gravity of frame Ay, and whose output is
a change in the position of the working body Ay,,. Transfer
function of such a link is derived from ratio [10]:

_L[Y, (X))
WYro(p)_ L[Y(X)] )

(49)
where L is a symbol of the Laplace transform.

In order to perform a Laplace transform, we accept Y(X)
in the form of a step function with a step height of Ay and
we shall consider dependence Y,,(X) when a ripping unit
overcomes such an obstacle. In doing so, we shall take into
consideration that under practical conditions /g is much less
than a ripping unit’s base L, while a turning angle of the
frame is very small.

Upon completing Laplace transforms (49), we obtain the
following transfer function [10]:

WYro(p) = Aym(p) = k

k, i i
tSm(q_gmry o (50)
Ay(p) " p ’

where Ay,, is a change in the vertical coordinate of the work-
ing body due to uncontrolled displacements of the frame;
Ay is a change in the vertical coordinate of the center of
gravity of the ripper due the action of micro relief on the
running equipment; R1,,, k2,, and ks,, are the gain factors; 1,
is the time of delay.

L - L - L -
k1 w0 L xm ’ k2m = . xm ) 310 - xm ’ (51)
Lb Lb (Lb _LLS) Lb _LLS
T, :5, (52)
[

where Ly is the ripping unit’s base; L is the distance from
the center of weight of the ripper to the point of overturning;
P(x,y, yro) are the coordinates of the point of applying the



forces of resistance to loosening; vy, is the motion speed of
the base machine.

Transfer function (50) allows us to represent a mathe-
matical model of change in the position of the ripper’s work-
ing body depending on displacements of the frame in the
form of a principal circuit shown in Fig. 4.

Ay

k 1ro
+
k + + Ay ro
200 —T <¥>—<¥>—~
e TP
k3ro e TroP

Fig. 4. Principal circuit of the model of change in the position
of the working body depending on displacements of
the frame

A general mathematical model of the action of micro
relief on uncontrolled displacements of the working body
can be represented in the form of a block diagram, which is
shown in Fig. 5.

Block diagram (Fig. 5) is a mathematical model of the
process of action of micro relief on uncontrolled displace-
ments of the working body of a ripping unit, which cause
a change in the depth of loosening and, therefore, a change
in the momentum of resistance applied to the engine shaft.
Micro relief is generated from correlation function (23), the
levelling capability of caterpillars is taken into consideration
in expression (24).
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Fig. 5. Block diagram of a mathematical model for the action
of micro relief on uncontrolled displacements of the working
body

The obtained transfer functions of the vertical (35)—
(37) and angular (46)—(48) displacements of the center of
gravity of the frame allow us to take into consideration the
elastic-viscous properties of suspension.

Transfer function (50) takes into consideration a change
in the position of the ripper’s working body when changing a
position of the center of gravity of the frame.

5. Discussion of results of experimental study

To prove the adequacy of mathematical models of micro
relief and working process of a ripping unit with actual op-
erational processes, we conducted experimental study. The
main task that requires a solution during experiment is to
confirm the adequacy of a mathematical model.

The object of study is a ripping unit based on the tractor
T-170 with the ripping equipment DZ-116V.10.000 (type
DP-26S).

We chose the following parameters to be registered: an-
gular speed of the crankshaft of the engine and motion speed
of the base machine.

To measure angular velocity of the engine shaft, we used
the digital tachometer CD 9902 in combination with the
electromagnetic tachometric sensor of the type PD 2546

(Fig. 6).

Fig. 6. Digital tachometer CD 9902 with sensor PD 2546

Data from the digital tachometer were transferred to
computer via an adapter to the COM port that comes as a
bundle with the device.

The mathematical model must be adequate with the
tested object or phenomenon. This is the most important
condition for the legitimacy of findings obtained in the study
based on a mathematical model. The model should reflect,
with the required accuracy, characteristics of the examined
process or object when changing its parameters and external
impacts.

Adequacy is confirmed by comparing the results ob-
tained by calculation based on the mathematical model with
experimental data, the discrepancy between which, in order
to solve the tasks set in the present study, must not exceed
10-18 %.

When estimating adequacy of the mathematical model
of micro relief, it is expedient to choose a correlation func-
tion that describes the micro relief. Next, it is necessary to
compare parameters ¢ (root-mean-square deviation), a (a
parameter that characterizes correlation attenuation) and
B (a parameter that characterizes correlation periodicity) of
the correlation function of the obtained mathematical real-
ization with corresponding parameters of the actual micro
relief [16].

When conducting an experiment, it is necessary to level
a 100-meter-long section with measurements taken every
0.5 meter.

Before estimating adequacy, we performed a statistical
analysis on sample y(1) — a random dependence of vertical
coordinates of micro relief on horizontal coordinate (path),
which allowed us to draw the following conclusions:

1) Mathematical expectation of the vertical coordi-
nate of micro relief changes insignificantly, in the range
from +0.003 to —0.003 meter, which makes it possible to
accept the assumption on that a given process is centered
(13, 17, 18].

2) Verification of a hypothesis on the normality of distri-
bution law and the assessment of degree of consistency be-
tween statistical F*(y;) and theoretical F(y;) were conduct-
ed using the Kolmogorov criterion D=max[F*(y;)—F(y;)].
It was established that the statistical distribution law (ac-
tual micro relief) is in good agreement with the theoretical
normal, the values of probability P(1)=0.461...0.999>0.05
(where 0.05 is the level of criterion significance [13, 17, 18]).



3) The homogeneity of a series of mutually independent
variances D*,(¢;), where i=1..200 was estimated by using
the Bartlett criterion based on statistics M where the ratio
M/C is distributed as the y% Pearson criterion, where C is
the coefficient dependent on the volume of the sample. The
calculated magnitudes of ¥? were compared with critical
¥2=222 for the number of cross-sections of 199. The value of
the calculated magnitude x2=198 shows that the hypothesis
Ho|Dy(t1)=Dy(t2)=...Dy(t200)| on the homogeneity of a vari-
ance series is confirmed.

4) Conclusion about the ergodicity of random depen-
dence y(I) was drawn based on normalized correlation func-
tion; in this case, the ergodicity of the examined dependence
was confirmed because condition 73,(1)—0 is satisfied at
increasing T — a time shift.

5) Because random dependence y(/) has a normal distri-
bution law, in order to statistically estimate a given random
process, it will suffice to obtain two statistics: mathematical
expectation m, and variance.

6) Random process y(/) is centered, stationary, ergodic
and has a normal distribution law.

Fig. 7 shows algorithm of adequacy verification of the
mathematical model of soil micro relief; Table 1 gives results
of comparison of statistical parameters of the actual and
simulated micro relief.
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Fig. 7. Algorithm of adequacy verification of the
mathematical model of soil micro relief

Table 1 shows that discrepancies for the root-mean-
square deviation o, attenuation coefficient o, and periodicity
coefficient B do not exceed 10 %.

Good convergence of the normalized correlation func-
tions of experimental and simulated micro reliefs also allows
us to argue about the adequacy of the mathematical model of
micro relief to the actual micro relief.

In order to estimate adequacy of the mathematical
model of work process of a ripping unit, we performed
a statistical analysis of the obtained data. Testing was
carried out using the tractor T-170 with the ripping equip-
ment DZ-116V.10.000 (the type DP-26S). To run the
analysis, we selected samples of the function of angular
velocity of the engine shaft w,(¢) and motion speed of the
base machine v,(¢t) from N=30 independent implemen-
tations over the resulting interval equal to 150 seconds.
The study was carried out at the initial depth of loosening
/’l0=0.4 m.

Table 1
Statistical parameters of micro relief
Parameter Actl;iizr;lcro n?:?rﬁlfctﬁif Divergence, %
G, M 0.08 0.084 5.2
0,5 0.118 0.110 6.8
B, st 0.125 0.131 4.9

Based on the statistical analysis of sample w4(¢), we drew
the following conclusions:

1) The statistical distribution law of random dependence
04(t) agrees well with the theoretical normal, probability
value is P(1)=0.537...0.999>0.05 (0.05 is the level of criteri-
on significance [13, 17, 18]).

2) Changes in the mathematical expectation of angular
velocity of the engine shaft are insignificant (from +0.1 to
—0,1s"), the homogeneity of a series of mutually indepen-
dent variances D*,(t;) is confirmed by compliance with the
Bartlett criterion y3=731<y?=794 for 749 cross-sections,
sampling discreteness is 0.2 s).

3) The fact of meeting the condition 7;,(t)—0 at in-
creasing 7 testifies to the ergodicity of the examined random
process.

4) Random process o,4(¢) is ergodic and has a normal
distribution law.

5) Sufficient characteristics of random process wy(¢) are
the mathematical expectation and variance.

Based on the statistical analysis of sampling v,(¢), we
draw the following conclusions:

1) The statistical distribution of random dependence
0, (t) agrees well with the theoretical normal, probability
value P(1)=0.86...0.999>0.05 (0.05 is the level of criterion
significance [13, 17, 18]).

2) Changes in the mathematical expectation of motion
speed of the base machine are insignificant (from +0.002 to
—0.002 m/s), the homogeneity of a series of mutually inde-
pendent variances D*,(¢;) is confirmed by compliance with
the Bartlett criterion y2=708<y2=794 for 749 cross-sections,
sampling discreteness is 0.2 s).

3) The fact of meeting the condition 7;,(t)—0 at increasing
7 testifies to the ergodicity of the examined random process.

4) Random process v;,(t) is ergodic and has a normal
distribution law.

5) Sufficient characteristics of random process v,,(¢) are
the mathematical expectation and variance.

Table 2 gives results of comparison of characteristics of
the analyzed random processes, obtained experimentally
and by simulating a work process of the ripping unit on a
computer.

Table 2
Statistical parameters of the analyzed random processes
Diver- Diver-
Parameter my o oy o
gence, % gence, %
4 experiment 130.2 104 5.41 6
) S . 7
% [ Gimulation | 143.3 5.77
iment 2.59 0.185
Oy /5 DT 11.3 4.2
simulation 2.88 0.177

Table 2 shows that the discrepancy between results of the
experimental and theoretical studies does not exceed 10 %.



Good convergence of the normalized correlation func-
tions of the experimental and simulated random processes
also allows us to argue about the adequacy of the mathemat-
ical model of work process of the ripping unit to the actual
work process of the examined machine.

6. Conclusions

1. The mathematical apparatus that we constructed
made it possible to formulate conditions for the minimi-
zation of dynamic loads on the base machine through the
substantiation of parameters of controlling signal that acts
on the mounted equipment of a ripping unit.

2. Depending on the statistical analysis of terrain relief,
by levelling the section, there occurs the possibility to make
changes in the controlling signal to the mounted equipment
of the working body, which would reduce dynamic loads.

3. The soil reactions during its destruction that were
identified and described lead to uncontrolled displacement
of the working body with low-frequency and high-frequency
oscillations that act on the mounted equipment, reducing
operational resource of the equipment, which necessitates
enabling a controlling signal.

4. Adequacy of the proposed models of micro relief and work
process of the ripping unit is achieved based on the statistical
processing of soil relief, the introduction of a controlling signal
for the motion of base machine and operational equipment.

References

1. Livinskyi, O. M. Budivelna tekhnika [Building technique] [Text]: pidr. / O. M. Livinskyi, A. D. Yesypenko, O. I. Kurok et. al;
O. M. Livinskyi (Ed.). — Kyiv: KNUBA, Ukrainska akademiya nauk, “MP Lesia”, 2013. — 614 p.

2. Toshov, J. B. Questions modeling of dynamics of drilling tools on the bottom hole [Text] / J. B. Toshov, M. K. Shukurov // Austrian
Journal of Technical and Natural Sciences. — 2014. — Issue 1-2 (1). — P. 116-122.

3. Khmara, L. A. Mashyny dlia zemlianykh robit [Machines are for earthmovings] [Text]: navch. pos. / L. A. Khmara, S. V. Kravets,
V. V. Nichke, L. V. Nazarov, M. P. Skobliuk, V. H. Nikitin; L. A. Khmara, S. V. Kravets (Eds.). — Rivne — Dnipropetrovsk — Kharkiv,
2010. - 557 p.

4. Dotsenko, A. I. Mashiny dlya zemel'nyh rabot [Machines for the landed works] [Text]: ucheb. / A. I. Dotsenko, G. N. Karasev,
G. V. Kustarev, K. K. Shestopalov. — Moscow: Izdatel’skiy dom “BASTET”, 2012. — 688 p.

5. Shah, S. N. Road and Bridge Construction Equipment [Text] / S. N. Shah. — In Mechanical Engineering (India) MS in Manufac-
turing Engineering & Management (UK), 2012. — 112 p.

6. Horbatiuk, Ye. V. Analiz tendentsiy rozvytku rozpushuiuchykh ahrehativ [Analysis of progress of loosening aggregates trends]
[Text] / Ye. V. Horbatiuk, T. V. Shevchenko // Tekhnika budivnytstva. — 2008. — Issue 21. — P. 5-10.

7. Pirmatov, S. T. Necessary conditions of summability of spectral expansion on eigenfuction of the operator laplace [Text] /
S. T. Pirmatov // European science review. “East West” Association for Advanced Studies and Higher Education GmbH. —
2015. — Issue 5-6 (3). - P. 29-32.

8. Sivko, V. Y. Prykladna mekhanika robochykh protsesiv mashyn [Applied mechanics of working processes of machines] [Text]:
monohrafiya / V. Y. Sivko, M. P. Kuzminets. — Kyiv: NTU, 2009. — 349 p.

9. Suharev, R. Yu. Metodika optimizatsii parametrov sistemy upravleniya polozheniem rabochego organa tsepnogo transheynogo ek-
skavatora [Methodology of optimization of parameters of control system by position of working organ of chain trench power-shovel]
[Text] / R. Yu. Suharev // Omskiy nauchnyy vestnik. Seriya: Pribory, mashiny i tekhnologii. — 2008. — Issue 2 (68). — P. 61-64.

10. Kuzin, E. N. Novoe v stroitel’stve vnutriregional’'nyh i sel’skih avtomobil'nyh dorog [New in building of roads in the middle of region
and rural highways] [Text]: monografiya / E. N. Kuzin. — Moscow: MADI, 2014. — 112 p.

11.  Glushets, V. A. Proektirovanie avtomatizirovannyh system [Planning of automated systems] [Text]: uch. pos. / V. A. Glushets,
A. A. Ruppel’. — Omsk: SibADI, 2009. — 144 p.

12.  Shcherbakov, V. S. Avtomatizatsiya proektirovaniya planirovochnyh mashin na baze kolesnyh traktorov [Computer-aided of plan
machines design on the base of the wheeled tractors] [Text]: monografiya / V. S. Shcherbakov, N. V. Belyaev, P. Yu. Skuba. — Omsk:
SibADI, 2012. — 131 p.

13.  Sukach, M. K. Syntez zemleryinoi i dorozhnoi tekhniky [Synthesis of earth-moving and travelling technique] [Text]: pidr. /
M. K. Sukach, Ye. V. Horbatiuk, O. A. Marchenko. — Kyiv: Lira-K, 2013. — 376 p.

14. Kartashov, V. Ya. Tsifrovoe modelirovanie statsionarnyh sluchaynyh protsessov s zadannoy korrelyatsionnoy funktsiey na osnove
nepreryvnyh drobey [Digital design of stationary casual processes with the set cross-correlation function on the basis of the con-
tinued fractions] [Text] / V. Ya. Kartashov, M. A. Novosel'tseva // Upravlenie bol’shimi sistemami. — 2010. — Issue 31. — P. 49-91.

15. Savochkin, V. A. Tyagovaya dinamika kolesnogo traktora [Hauling dynamics of the wheeled tractor] [Text]: ucheb. pos. /
V. A. Savochkin. — Moscow: MGTU “MAMI”, 2005. — 97 p.

16.  Shemyakin, S. A. Raschet zemleroyno-transportnyh mashin [Calculation of earth-moving-transport machines] [Text]: ucheb. pos. /
S. A. Shemyakin, A. V. Leshchinskiy. — Habarovsk: 1zd-vo Tihookean. gos. un-ta, 2014. — 75 p.

17.  Sukach, M. K. Rozrakhunok konstruktsiy zemleryino-dorozhnikh mashyn [Calculation of constructions of earth-moving-travelling
machines] [Text]: navch. pos. / M. K. Sukach, O. A. Marchenko. — Kyiv: KNUBA, 2008. — 168 p.

18. Seliverstov, N. D. Vybor optimal'nyh parametrov bul’dozerno-ryhlitel'nogo agregata v zavisimosti ot usloviy ekspluatatsii [An-
nouncer of the Moscow motor-car-travelling state technical university (MADI)] [Text] / N. D. Seliverstov // Vestnik Moskovskogo
avtomobil'no-dorozhnogo gosudarstvennogo tekhnicheskogo universiteta (MADI). — 2012. — Issue 1. — P. 14-17.



