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AHAANTUNYECKAS MOAEADb ABMJ)KEHUS CKUIIA C YAETOM
HAANYUA TOAOBHOTO 1 YPABHOBENINBAIOIIIETIO KAHATOB

M. A. JKYPABKOBY, B. I. CABYYK", M. A. HUKOJIAHYHUK"

1)l-Te/zopycc;mﬁ eocyoapcmeennblil yuusepcumem, np. Hezasucumocmu, 4, 220030, . Munck, Berapyce

IIpuBeaena npoueaypa NOCTPOCHUST aHATUTUYECKOW MOJIENH, OMUCHIBAIOLIEH TUHAMUKY JBUKEHHSI IIAXTHOTO CKUIIA
C YYETOM HaJIM4YHs TOJIOBHOTO ¥ YPABHOBEIIIMBAIOIIETO KAHATOB M KPUBOIMHEWHOCTH MTPOBOIHUKOB. BBIBE1eHBI POpMYITHI
JUTS CHWJI, TEHCTBYIOIIUX Ha CKHIT CO CTOPOHBI MPOBOTHHUKOB. [0Ka3aHO, YTO YaCTOTHI COOCTBEHHBIX KOICOAHUH CKHIIA
3aBUCST OT BEPTUKAJIBHOTO YCKOPEHHMs M POWICHHOI0 MyTH MpH nojbeme cocyna. [loctpoen rpaduk (auarpamma) Bep-
THUKAJILHOM CKOPOCTH CKHIIA, COOJIIOICHIE KOTOPOTO HE BBI3bIBACT IMOSIBIICHUS 3HAYMMBIX BEPTUKAJILHBIX KOJICOAHHIA CKHUITA
W3-3a YIPYrOCTH KaHaTOB. Pa3paboTaH alropuT™ HaXOXKICHUS INIABHOTO BEKTOPA U INIABHOTO MOMCHTA CHCTEMBI CHII, ICHCT-
BYIOIIMX Ha CKHII, IO [TOKA3aHUSIM TPEX aKCEeIEPOMETPOB, PETUCTPUPYIOLIUX FOPU3OHTAIBHBIE YCKOPEHUS COCYa IIpU
€ro JIBIKEHHH.

Knrwouesvie cnosa: CKMHII; IPOBOAHUKU,; TMHAMHKA IAXTHOT'O CKUIIA; BEPTUKAJIbHBIC KOJ'IC68.HI/I${; TIIaBHBIN BEKTOp CHUC-
TCMBI CHIJI; TJIaBHBIA MOMEHT CHUCTEMBI CHUJI; TOPU3OHTAJIbHBIC YCKOPCHMU.

ANALYTICAL MODEL OF SKIP MOTION TAKING
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The article describes an analytical model of mine skip dynamics taking into account the presence of the head and
balancing ropes and the existing curvilinearity of the guides. Expressions for the forces acting on the skip from the side
of the guides have been constructed. It is shown, that the frequencies of natural vibrations of skip depend on the vertical
acceleration and the distance traveled during its lifting. A graph (diagram) of skips vertical speed which observance does
not lead to the appearance of skips vertical vibrations due to elasticity of the ropes is developed. An algorithm for finding
the forces principal vector and the forces principal moment acting on the skip based on the reading of three accelerometers
recording horizontal accelerations of skip during its movement is presented.
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Introduction

A simplified scheme of shaft lifting rig adopted in the article consists of a friction pulley driven by
the lifting machine, two skips moving along the guides and the main and the counterweight rope. Four
spring-loaded rollers are installed at the end of the skip frame and they copy profiles of the guides during its
movement. Guides are welded box-section beams with local deviations from the vertical in two horizontal
directions. Ascent of the loaded skip and the descent of the empty one is carried out by the head rope slung
over the friction pulley. Unloading the skip in its upper position and loading the empty skip in its lower
position are performed simultaneously after which the pulley changes direction of rotation and the working
cycle repeats.

System lifting vessel — reinforcement dynamics investigation during the lifting vessel movement and this
system dynamic behaviour diagnostics is an urgent applied problem [1-3]. At the same time this problem is
very complex in terms of correct mechanics and mathematical models construction and an adequate model
analysis performing.

The research objectives presented in this article were:

* construction of the skip motion analytical model with an acceptable degree of accuracy. That model must
allow to determine the force effect on the skip from the side of rigid curved guides or according to their known
profile, or according to the readings of accelerometers installed on the skip;

* determination of the skip natural horizontal vibrations frequencies;

* the hoisting machine torque change graph obtaining, which excludes skip vertical vibrations occurrence
in an elastic rope.

Skip motion vector equations

The skip motion as a mechanical system can be represented as a rigid body complex motion (cxyz coordinate
system), consisting of translational motion of O, X,Y,Z, coordinate system with a given speed v(?) along OZ
axis of the stationary system OXYZ (v(t) is the vertical speed of the skip mass center) and of five independent
movements of system cxyz: two translational movements along O, X, and O,Y, axes and three rotations around

axes CX’, CY’, CZ’ of Koenig coordinate system (directions of the cor-
M, responding axes OXYZ, O,X,Y,Z, and CX’Y’Z’ coincide). The resulting
complex movement which occurs relative to the given bulk motion of the
system O, X,Y,Z, is obtained as a result of the superposition of these five
motions. Each of these motions and consequently the resulting one arises
due to external horizontal influences on skip from the side of the guides and
vertical influences at points A, and M; of the main and balancing ropes
suspension (fig. 1). o

The skip — guide contact node at contact points M,, i =1, 4, is schemati-
cally represented as consisting of three independent springs in contact with
three guide surfaces through rollers that roll along the conductor during the
skip motions (fig. 2).

MS
VA
0 X
Y
Fig. 1. Coordinate systems and skip Fig. 2. Skip with guides contact
with guides and ropes contact points node scheme: / — guide; 2 — skip

106 529 T OmOMEIMHAR O Jm&xw



TeopeTnueckasi 1 NPUKJIATHASI MEXaHHKA
Theoretical and Practical Mechanics

— YWV
One can use the following system of equations to describe the skip with mass M relative motion dynamic
under the action of the forces F, applied at points M,, i =0, 5:

4
MW,=> F, (1
i=1
_ )
d&:Zwaﬂ )
dt i=0

Equations (1), (2) are vector notation of the skip mass center horizontal motion relative to O, X, Y,Z; coordi-
nate system and the change in angular momentum K’ relative to the Koenig coordinate system [4].
In equations (1), (2)

F;:(F;xaF 0)9 i:1949 E):(anvF()Z)v F_;:(ana}?SZ>7

134

CM]=CM, +(0,,0,,9.) x CM,, i

0,5,
CM, =(0,0, z,), CM5=(0,0, z5), CM, =(x,, 0, z,),

C_A42 = (—xl, 0, Zl), C_M3 = (xl, 0, 23), C_M4 = (—xl, 0, 23),

where @, 0, ¢, are the angles between the corresponding axes of coordinate systems cxyz and CX’Y’Z’. Dashes
indicate that the vectors belong to the coordinate system CX’Y’Z".

Considering skip as an absolutely rigid body symmetric with respect to planes cxz, cyz, and angles @,, ¢,
¢, small one can replace the moments of inertia of skip I, I}, I relative to the axes of system CX'Y’Z’
in expression for K with the moments of inertia /,, £, I, relative to the axes of the coordinate system cxyz:

K= (100 1,6, L9.)
Forces acting on a skip during its motion

The spring-loaded rollers of the contact node copy the guide cylindrical surfaces from its three sides during
skip motion. The equations of these surfaces in the OXYZ fixed coordinate system can be written for the first

guide as
X=h, +f1x(z), Y= hy +f1y(z), Y=—hy +f1y(z)
and for the second guide as
X=-h, +f2x(z), Y= hy +f2y(z), Y=—hy +f2y(z).

Functions £ (z), £,(z), f,.(2), f5,(2) give the deviations algebraic value of the guides points from the
corresponding vertical planes X=+4,, Y=1h,.

The force values F, Fy, i = 1, 4, are equal to the corresponding springs compression (tension) to the multi-
plied by the stiffness coefficient ¢ which is considered the same for all springs since the guides act on the skip
through the springs. Small displacements Ap,, i =1, 4, of the skip points M, relative to the coordinate system
O,X,Y,Z, occur to the mass center displacement by a vector (X D 0) and three rotations around the mass
center by angles @, @, ¢,. Thus

Ap =(X..Y,0)+ ((px, 0, (pz) X (x, 0, z,) = (XC +20,, Y, + x50, - 20, —xltpy).
Similarly, we have
AﬁZ = (Xc + Zl(pya Yc - xl(pz - Zl(pxa xl(py)a

A53 = (Xc + 23(py’ Yc + P, — 23(px9 _xl(Py)7

A§4 = (X¢ + Z3(py9 Y¢ - xl(pz - ZS“px’ xl(py>‘

Taking into account the conductors deviations, we obtain

F,.= c(flx(s +h)-X, - zltpy), F,. = C(fzx(S +h)- X, - zltpy),
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F3x (flx() Z3(py) F4x: (f2x( )_ _23(py)

( Siy(s+h)— Yc—xl(pz+zlcpx) Fy,= (fzy(s+h) +x](pz+zl(px)
=2¢(fi,(5) =Y. = %9 + 20, ). Fi, =2¢(f5,(5) =Y, + 59, + 2,0, ).

t

Here s(t) = Jv(r)dr is the distance passed by the skip during by the time ¢ after the its movement start,

0
h =z, — z; is the distance between points M, and M.

A part of the balancing rope from the suspension point to the loop in the sump, which length is approximately
s(t), moves translationally with a speed v(t) together with the skip (fig. 3). Thus

Fyy = (M+ Pbs(t))("’(t) + g) 2= —Pys(t )( v(t)+ g),
where p, is the rope density and g is the gravity acceleration.

Skip motion scalar equations and their solution

We project the vector equation (1) on the horizontal axes of OXYZ coordinate system and equation (2) on
the Koenig coordinate system axis to obtain a system of skip motion scalar equations

MX, = c(F, - 4X,- 22,9, ), 3)

MY, =2¢(F, - 47, + 22,50, ). &)
1,6,=2¢(®, +22,Y, = 2(5 + 2o, ) - Fs0,, (5)
1,6, = c((I)y ~2z,X, - 220+ 232)(py) — Fys,. (6)
L. =2ex (@, - 4x9, ) ()

Fo= fiu(s+ h) + fo (s + h)+ fi,(s) + fa.(s),
F, = fi,(s+h)+ fo,(s+ k) + £, (s) + £3,(s),
@, ==z, (f,, (s + h)+ /o, (s + 1) = 25 (i, (5) + 12, (5)):
@, = z(fi,(s+ ) + fou s+ 1)+ 25 (fio(s) + fau(5),
D = fi,(s+h)+ fi,(s) = fo,(s+ h) = £, (s),

Fos = zoFoz + z5F57, z3= 2+ z3.

Note that equations (3)—(7) approximate such as deriving them, discarded terms of higher order terms to
the values X, Y., 0,, ¢,, @.. In addition note that equations (5), (6) have variable coefficients due to the function
Fos( ) presence. Analysis of this function form shows that its change during the skip movement is much slower
than changing the desired system functions (3)—(7).

An approximate solution of equations with slowly varying coefficients is usually found by the asymptotic
averaging method [5]. Following this method in our case an approximate solution can be obtained by consi-
dering the variable coefficients «frozeny, i. e. constant when performing the solution. The «frozen» coefficients
«unfreeze» and their dependence on time is restored after the system analytical solution obtaining.

The system (3)—(7) solution with «frozen» coefficients is easily found by using the integral Laplace trans-

form [6] and has the form
t
(Pz(t): i -J(I)Z(T)sinml(t —T)dfc, o, = 2x1\/%,
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0. ()= _[33 (1—-1)® (1)dt+ fBz (t-1)F,(1)dr;

0

A;(1)=a,sin®,t + a, sinwqt, i=1,3,

0(20(212 + 232) —Iymg + Fos)
a, =
11 as ’

c(Zc(zl2 + 232) —ch)§ + Fos)

a =
12 )
Qg

as = (1)2(a2 - Zalmg), ag = 033(a2 - 261103§),
a =M, a,= 2Mc(z]2 + 232) +del, + MFys,

B=dy o [Bta
) 3 =
2a, 2a,

2 2
[ _2c7zy4 _2c¢z
a, =\ a; — 4a,a;, A ="g > 9=, >

5 6

de¢ - Mw; 4c - Mo;
as ds

2
ay = 4c2(z1 - 23) + 4ckys, o, =

2

B,(t)=b, sinw,t + b, sinwst, i=1,3,

4c(z1 + 23)—1 o, + Fys 4c(zlz+ 232)—1)60)? + Fiys

, b,=2c
12 be

by=MI,, by=4Mec(z+ 23) + 8cI, + MFys, by=16¢>(z, - z3)’ + 8cFys.

b, = \[b% — 4bb,, ©,= / by +b

b5 = 034(b2 - 2b1(ni), b6 = O)S(bZ _2b10)§)’

8¢? 8¢? 8¢ — Mo,
€A b, =0 p =0e T g e

b, = = T4
B bs b bs b
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The formulas obtained allow us to find the force effect to the skip at points M,, i = (ﬁ, according to the
guides known profiles, the acceleration v(#) and the path 5(1). Note that only ®, of skip natural vibrations five
frequencies ®,, i =1, 5, has a constant value. The remaining frequencies depend on the functions v (), s(7),

which in turn are determined by the moment Mcr(t) applied on the mine hoisting machine drum.

The relationship between speed v and torque M,

An approximate relationship between the quantities v(s) and M, (s) con-

sidering the head and the balancing ropes inextensible can be obtained from
M, the theorem on the change in kinetic energy [4] according to which the kinetic
energy differential of the mine hoisting mechanism is equal to the elementary
work sum of the gravity forces and the torque Mcr(s) (see fig. 3):

1

EMeffd(VZ(s)) = (T +

M
(S) (m_M+Zpb_lph)g_2g<pb_ph)sjds' )

Pn Here M =m+M + (Pb + ph)l + Lz, m is the empty skip mass; py, p,, are
r

From equality (9) it follows that the loaded skip will begin to rise under the
condition

Py

the balancing and the head ropes linear densities, respectively; /, » are the mo-
M (0) > rg(M— m+Ip, — Zpb).

m
ment of inertia and drum radius; / is the the ropes length; 0 < s(t) <l
M
cr
\/ After dividing equality (9) by df we obtain an equation
M, (1)

Fig. 3. Mine hoist scheme Meff*.s;(t> = 7 + (m -M+ lpb - th)g - 2g(pb - ph)s(t)- (10)

Assuming that the loaded skip lifting takes place under the constant torque M_, action from a rest state at
s = 0 and with a stop at the upper point s =/ then from equation (9) we obtain that this is possible only at

M, =(M —m)gr
and
2gs(py — [—s
VZ(S): & (pb ph)( ) (11)
Meff
From (11) it follows that condition p, > p,, must be satisfied and the maximum speed value is reached when

§=—:

2 v =1 fg(Pb_Ph).
2M g

Solving equation (10) at M, =(M — m)gr taking into account s(0)=0, §(0)=0 we obtain

( =— l—cos[ 2g ph J (12)

From (12) we receive the skip motion time ¢, to a complete stop:
T Meff .
2g (Pb - Ph)
In general case Mcr(t) is obtained from equation (10) according to the given motion law s(t) and is pro-

cessed by the mine hoisting machine digital control system. Therefore, it is necessary to ensure the second
derivative § (t) continuity on the interval [O, to] and its equality to zero at the segment extreme points to obtain

ty =

a continuous change in M, (¢).
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A smooth function s(z) constructing example
Let us construct function s(7) with five sections of its second derivative linear variation:
t

2
tl

~

0<r<L,
2

t
—, = <t<t,
tl

§(1)= 4V 10, 1y ST <1y — 1,

ty—t,—t t

L2 - St<1 -2,
t 2

%, -2 <<,

1 2
: : : 2Vmax 2vmax . .
Here v,,,, is the maximum motion speed; 4 = — ', f, = — '™ are the time of acceleration and decele-
1 2

ration, 7, is the motion time; w,, w, are the largest acceleration modules during acceleration and deceleration.

Integration gives the speed v() and path s(¢):

2
1_2(11;’)”_1S
tl
V(1) =V AL 1 SES 1y — 1y,

2ty =t — 1)’ 1
-t —t,<t<ty— 2

2 o=l SISf= =,

2(t—1, )

B t()
5

t
-2 <1<y,
2

3
204, —t t, t
t+(1—2)——1,—13t3t1,
3t 272
tl
s(t)=v, t—E,ZIStStO—tZ,

3
20ty—t,—1) 4 o b
== L - <t<ty -2
312 2 2

3
2(t—t t t t
(—2())——2+l0——1,l0——2S1Sf0.
32 2072

t+

b

If / is the distance of the skip lift then s(to) =/ and the motion time is #,= >
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The principal vector and the principal moment
of the forces acting on the skip

If twice differentiate function (8) we obtain the principal vector E and the principal moment MC of the
forces acting on a skip in its relative motion:

F=(MX, MY, 0), M,=(1$,, 1,6, 1.5.). (13)

In this case the guides profiles and all skip mechanical characteristics must be known. Also the components
of the mass center acceleration W, = (X Y O) and angular acceleration € = (('[')x, ?,, (';')Z) in equalities (13)

co teo
can be expressed in terms of the accelerations horizontal components W, i = 6, 8, of any three skip points M,,

i =6, 8, that do not lie on one straight line and accelerations I/I_/, can be obtained from the readings of the ac-
celerometers in points M,. Indeed if we take as a pole for example a point M, then taking into account the first
quantities order we obtain [4]

=W+ € x MC,
EX MM, =W, — W, (14)
EX M Mg =W, — W, (15)

Vector equalities (14), (15) give the following four scalar equalities when projected onto horizontal axes:

(.py(Z7 _ZG) _(pz(y7 _yﬁ):VV7x_W6x’
(Pz(x7_xé)_¢x(z7_26)=W7y_W6ya (16)
(‘[‘)y(ZS _Zs) - @()’8 - y6): Wer = Wers

éﬁz(xg - xé) - (px(ZS - Zé): W8y - W6y'

One can compose a uniquely solvable system for finding ¢, ¢,, @, from these equalities. In particular,
from the first three equations (16) we obtain
A A, . A

Py =" ¢y=Xy, 6. ="
A= (27~ 26 )((v7 = v6)(2 = 26) = (75 = v6) (27 =~ 26):
A== (W= W, )25 = 26) (7 = %) + (W = W ) (27 = 2)
X (27 = x6) + (W7y - Wéy)((z7 — 26 )(vs = ¥) = (25— 26 ) (17 —y(,)),
A, = (27 = 26 )(Waw = W) (37 = v6) = (W = W ) (35 = v6)):

A, = (Z7 - Zé)((ng - st)(z7 - Z6) - (W7x - W6x)(28 - Z6))'

Coordinates of points M,, i = 6, 8, must not vanish the determinant A.

b

Conclusion

An approximate analytical model for the mine skip motion has been developed. It is important that this
model takes into account the head and balance ropes influence as well as the curvature of the guides.

Expressions that determine the force interaction of skip with guides during the lifting vessel motion are ob-
tained. The expressions obtained make it possible to determine the principal vector and the principal moment
of the forces acting on the skip using data coming from three accelerometers installed on the skip fixing the
horizontal accelerations values.

An analysis of the skip natural vibrations frequencies has been carried out. Expressions that determine the
dependence of the natural vibrations frequencies on the vertical acceleration and the path covered by the skip
are given. A diagram of the speed, that does not provoke the vertical vibrations occurrence of skip on the elastic
rope is proposed.
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