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Abstract

Relevance. In this study, considerable attention is devoted to the analysis of dynamic loads that occur in the rope
systems of lifting mechanisms of overhead cranes during start-up and braking, and the reduction of these loads.
Purpose. To identify the magnitude and nature of changes in dynamic loads in the elements of lifting mechanisms
of bridge cranes, a comprehensive dynamic analysis of the lifting mechanism of the bridge crane and its elastic
elements (rope systems) was performed.

Methods. The dynamic analysis of the above mechanisms and systems was performed on well-grounded
mathematical models of bridge-type cranes (single- and double-mass).

Results. The analysis of the obtained calculations of mathematical models of the mechanism of lifting the load
of bridge cranes demonstrated that the dynamic loads applied to the structural elements and drive mechanisms
are oscillatory and comparable to static loads. The analysis of the obtained calculations of mathematical models of
the mechanism of lifting the load of bridge cranes demonstrated that the dynamic loads applied to the structural
elements and drive mechanisms are oscillatory and comparable to static loads. To minimise the integral functionals,
the methods of classical calculus of variations, mathematical physics and differential equations were used to
model the dynamics of loading processes of rope systems and drives of bridge cranes, and the terminal (initial and
final conditions of movement of such systems) were considered, which allowed solving the optimisation problem
unambiguouslyThus, to reduce dynamic loads in structural elements (in particular, in ropes) during transients in
such lifting mechanisms of bridge cranes, it is proposed to perform optimisation of the modes of movement of their
drive mechanisms. An essential place in such optimisation is occupied by the choice of the optimisation criterion.
Among such criteria, integral optimisation criteria were used. As such integral optimisation criteria, the RMS values
of the current loads in the elastic elements (ropes) of overhead travelling cranes have been used.

Conclusions. Such integral criteria are integral functionalities that usually reflect undesirable properties of
machines and their mechanisms, thus, they are subject to minimisation.
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Introduction

Lifting and transporting machines belong to machines
with increased danger during lifting, transporting and
installation works. The safe operation of these ma-
chines largely determines the magnitude and nature
of the change in time of the acting loads on the struc-
tural elements and drive mechanisms. Particularly
dangerous for the operation of lifting and transport
machines are dynamic loads that change in time and
can result in complex oscillatory processes in structural
elements. Such fluctuations significantly affect the sta-
bility of the lifting machines and result in fatigue fail-
ure of their elements. All this affects the operational
reliability of both lifting and transporting machines.
The reliability of lifting and transport machines can be
significantly improved by reducing dynamic loads on
their structures and drive mechanisms. Particularly dan-
gerous for lifting and transport machines are dynamic
loads that occur during transient processes of move-
ment, in particular, starting and deceleration of drive
mechanisms. Thus, for example, a slight decrease in
dynamic loads during start-up of up to 30% and de-
celeration of up to 40% of the mechanisms of portal
cranes allowed increasing the overhaul cycle of these
cranes from 2 to 5 times. Thus, in this study, consid-
erable attention is devoted to the analysis of dynamic
loads that occur in the rope systems of lifting mech-
anisms of overhead cranes during start-up and brak-
ing, and the reduction of these loads. To identify the
magnitude and nature of changes in dynamic loads in
the elements of lifting mechanisms of bridge cranes, a
comprehensive dynamic analysis of the lifting mecha-
nism of the bridge crane and its elastic elements (rope
systems) was performed. The dynamic analysis of the
above mechanisms and systems was performed on
well-grounded mathematical models of bridge-type
cranes (single- and double-mass).

The analysis of the obtained calculations of
mathematical models of the mechanism of lifting
the load of bridge cranes demonstrated that the dy-
namic loads applied to the structural elements and
drive mechanisms are oscillatory and comparable to
static loads. Thus, to reduce dynamic loads in struc-
tural elements (in particular, in ropes) during tran-
sients in such lifting mechanisms of bridge cranes, it
is proposed to perform optimisation of the modes of
movement of their drive mechanisms. An essential
place in such optimisation is occupied by the choice
of the optimisation criterion. Among such criteria, pri-
marily, integral optimisation criteria were used. In the
majority of cases, as such integral optimisation crite-
ria, the RMS values of the current loads in the elastic
elements (ropes) of overhead travelling cranes have
been used. Such integral criteria are integral function-
alities that usually reflect undesirable properties of
machines and their mechanisms, thus, they are sub-
ject to minimisation. To minimise the integral func-
tionals, the methods of classical calculus of variations,
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mathematical physics and differential equations were
used to model the dynamics of loading processes of
rope systems and drives of bridge cranes, and the
terminal (initial and final conditions of movement of
such systems) were considered, which allowed solving
the optimisation problem unambiguously. As a result
of the performed optimisation of the modes of move-
ment of the drive mechanisms of lifting bridge cranes
in the areas of transitional processes, the dynamic
loads of the rope systems of bridge cranes are signifi-
cantly reduced, the smoothness of the movement of
the main elements of such mechanisms is achieved and
oscillatory processes are practically eliminated.

The predecessor scientists conducted a com-
prehensive analysis of dynamic loads in the structural
elements of overhead cranes during their start-up and
deceleration [1-3]. However, such an analysis has sig-
nificant disadvantages, since the driving forces that
result in the necessary movement of the lifting mech-
anisms of bridge cranes were not established, and the
problem was reduced to the analysis and synthesis of
the modes of movement of mechanisms in the presence
of specific kinematic terminal conditions [4]. This, in
turn, has resulted in inaccuracies and frankly vast for-
mulas that describe the optimal modes of movement
(of ropes with loads) in such mechanisms, which has
no practical use, since it does not evaluate the usual
engineering indicators of movement in such systems
(for example, dynamism coefficients). To eliminate
such disadvantages, this study was performed, which
allowed determining the coefficients of dynamism in
the transient modes of functioning of lifting mecha-
nisms and rope systems of overhead travelling cranes
for typical methods of lifting loads: “from weight” and
“with pickup”/”from the base” [5].

The purpose of the research is to substantiate
the modes of starting the lifting mechanisms of over-
head travelling cranes, which minimise dynamic loads
in rope systems in different ways of lifting the load:

“from the weight”, “with pickup”/”from the base”.

Materials and Methods

In the work, the dynamic load on the load-gripping de-
vices was evaluated in two variants — lifting the load:
“from weight” and “with pickup”/”from the base”. In
the first variant, it is assumed that the load is at a
specific (small) height above the base, and the static
load acting on the load gripping devices is equal to the
weight of the load Q.. Dynamic load P, occurs at the
initial moment of deceleration of the descending load
when the brakes are applied [4-6].

In the second variant of loading, it is assumed
that the load is on any base, the ropes are sagging,
and, accordingly, at this moment, the load on the
load-catching devices is zero.

In determining the dynamic load, the masses,
m,_and m, are attributed to the periphery of the drum,
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and the mass m, is determined proportionally to the
square of the ratio of the number of branches of the
cargo chain hoist, which are wound (or winding) on
the drum, to the total number of branches on which
the load hangs [1].

When determining the starting modes of the
lifting mechanisms of overhead cranes, the results
of the following indicators were considered: exces-
sive driving force, rope speed and rigidity of the sup-
porting structure, mass of the engine rotor and load,

a)

kinetic and potential excessive force, system stiffness
and time, load dynamics, oscillation frequency, condi-
tions and mode of movement, etc. When assessing the
dynamic load on load-gripping devices, the following
should be considered: under conditions of proper op-
eration, mainly only the vertical dynamic load during
the operation of the load-lifting mechanism is signifi-
cant, since, during the operation of the crane movement
mechanisms and the rotation of its slewing part, it does
not exceed 5-6% of the static load (Fig. 1) [1; 2].

b)

Figure 1. Scheme of dynamic loading of a loading device when lifting a load “from weight”

Note: a) on an overhead crane; b) design scheme
Source: [1; 2]

There are two options for lifting the load: “from
weight” and “with pickup”/”from the base” [4-6]. In
both cases, the dynamic coefficient (K ) is determined
by the dependence:

Ka =14 Payn/Q; >

where: P, —in the first case is a function of the excess
driving force and the stiffness of the supporting struc-
ture and in the second case is a function of the rope
speed and the stiffness of the supporting structure.

(1)

Results

When designing in the case of lifting a load: “from
weight” the crane is modelled by a two-mass oscil-
lating system [7-9]. In this system, the stiffness of the
ropes and the crane C, structure are replaced by the re-
duced stiffness C , and the system itself consists of two
masses —m_(mass of the rotor of the engine and the re-
duced masses of the elements of the lifting mechanism)
and m, (mass of the load), connected by stiffness C:

_ _%
Cp = (c+cx) @)

When moving x. mass m,_ and x, mass m, the kinetic
and potential energy are respectively:

{mr'kr+C'E=Ql+Texc;
my ¥ —C-&=-Q

(3

{K=%«nf+%mﬁﬁ
P=C-{(x, —x)?/2}

For the mass, m_the driving force is the weight
of the cargo Q, (Q,= m,g,g — acceleration of free fall,
£=9.81 m/s?), and the excessive force of the engine T, ;
for the mass m, — weight of the cargo Q, acting in the
same way as the inertial force of the cargo during lifting.

In cranes with the drive of the load-lifting mech-
anism from a three-phase current motor, the excess
force T, can be considered constant (with other laws
of change of the driving force, and, accordingly, the
excess force, the dynamism of the lifting process will
be less) [1]. The equations of motion have the type:

{mr X+ Co (X —x1) = Qp + Toxes 4)
my % —C (x —x) =—0Q,
where: (x—x) — can be denoted by ¢. Then:

§= (% —x); &= (%, —%). )

In the new notation (¢) and (5) instead of (4)
have:

. €z _ QutTexc,
X, + o~ &= E—
i § = —Qu/m

[ = /my

(6)



After subtracting from the first equation of sys-
tem (6) the second equation of the same system ob-
tained an inhomogeneous differential equation for &:

1 1

f 2.5 _QtTexc QU g2 _ . (L, L
froz.g=teey B g —c( + ) %)

my my

f(t)=A1-cos!)t+A2~sin.Qt+ﬂ—12'{Ql+—Te’“+ﬁ}
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For the case of lifting the load “from weight”
use the following initial conditions to solve (7):

Eleeo =25 €|,_, = 0. €)

The general solution of (7) is found in the fol-
lowing type:

my myJ). (9)
Considering the conditions (8), from (9) have:
_Q_ 1 QutTexc , Qi) —
A =2~ {—mr + ml}, A, =0. (10)
Then the solution of &(t) (9) is given as follows:
Q Q1+Texc Q
§0) = (%) cosnt+ (lm—+#l)-(1—cos!2t). (11)
Present (11) in a more convenient form for analysis:
$() = (Ql) cost + = {Ql;—T:”“ + :‘ZLL} sin ([;t) (12)
The force in the elastic element (in the elastic  load on the load-carrying devices:
link), which can be considered as the impact of the
_ _ 2C Q1+Texc ﬁ L ein2 ﬂ
PLC—Cf—Ql-coth+E-{m—r+ml} sin? (%), (13)
Its value is variable and is a function of system  or: p o
stiffness, C and time t. The maximum value of force in K;(t)=1+—-—-=€.2.5in? (—) (20)
L. (ml+mr) Q1 2
an elastic link P, occurs at:
cosQt=—-1=0t=Cn-1)-mneN, (4 ~7=0Cu-1- ( ) ny €N, that is, at:
that is, in moments of time: t *x= M, n, €EN. 2D
tx= @ neN, (15) K, (t) assumes the maximum values:
2-my 2:Texcmy
1 —_— . 22
: (mr+ml)exCLCmax (16 QM+ g g (22)

Since the excess force T, =¢-Q, (Where ¢ —
the proportionality factor [1]), then:

Pi1+2 R 17
: { > ml+mr}LCmax a7
and the coefficient of dynamism has the form:
Prcmax
Kd|t=t* = m > 2m
l{ml+7L’Vlr}(ml+Tf’lr)Tg’;C ? (18)

where: the last expression for the coefficient (K,
characterises the dynamic loading of the load-grip-
ping device, provided that the lifting begins when the
weight of the load affects the ropes Q, [10-12].

To establish the dependence K, (t) the following
relation is used:

Ky =1+—2— . Texe. (1 _cos00),

(mi+my)  Q

(19)

. Qi
Xile=o = 0; Xile=0 = 0; Xy le=0 = X1l¢=0 T =

When decelerating the descending load P, and the co-
efficient of dynamism K, are determined by formulas
(13)-(18), and K, (t) — by formulas (19)-(22) [13-15].
Therewith, under the T, understand the following
difference:

Qs (23)

where: T, - deceleration force applied to the load.
As the moment generated by the brakes is usu-
ally less than the maximum torque [1; 2] generated
by the engine, the dynamic force when braking the
load being lowered does not exceed the dynamic force
that occurs when lifting the load “from weight”. Define
further the laws of motion of masses m and m,, based
on the equations of the system (4), (6) 7 and the
law &(t) (11), (12) under the following (non-zero) ini-
tial conditions (when lifting the load “from weight”):

Toxe = Taec —

o

2 @24

; X = 0.
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From system (6) for x_have:

%, +— £t = Q’jn# (25)
From system (6) for x, have:
X +g= mil E(D). (26)

Equations (25) and (26) must be solved under
the initial conditions (24). Knowing &(t) (11) and in-
tegrating twice for t each of equations (25) and (26),
obtain [16-18]:

_2myPTexc (Qt) Qi+Texd) .2 , @
X () = C-(my+my)? sin 2 + 2m, e c’ @7)
_ _2mymyTexc . 2 (ﬂ) Texc | f
X1 (t) - C-(myp+my)? st 2 (mp+my) 2 ° (28)

From (27) and (28) evidently seen that the
mass m, and the mass m_have oscillations whose fre-
quency is Q [19]. Define the conditions and modes
of motion &(t), x, (), x, (t),under which in the period of
acceleration of the system (before the lifting mecha-
nism acquires a steady speed of lifting/lowering the
load (V)) there are no oscillatory processes in the
mass m,, and mass m,. Suppose that the duration of
the system start-up, during which the steady-state

Ql Ql+Texc
08, =
Elioo =25 8],y = 0 €], = {25

m

where: g *x=g —0? % The last terminal condition
is of the form:

| (34)

C‘L'p

Differentiating by t the appropriate number of
times the expression (32) and using the conditions
(33), (34), obtain:

s =

my

or:

_Q Qi+Texc
§(t) =L+ {Uex

Then P, takes the form:

For K, (t) have:

{QHTng_I_g *}g_

mode of lifting the load is established, i.e. the speed of
movement (during lifting) becomes a constant value
and is V, equal to 7,. Then the motion for which the
coordinate &(t) satisfies the motion quality criterion:
1/2

{in IMGORS: ” & min, (29)
and will be the sought mass m_and m, systems. A nec-
essary condition for the implementation of the crite-
rion (29) is the Euler-Poisson equation, which can be
obtained by replacing the integral expression (29) &(t)
with the expression (according to (7)):

() = o (M A g}

my my

(30)

then the above (Euler-Poisson) equation for (29),
(30) becomes as follows:

£ =9, (31)

Consider the solution of (31) as a spline of the
third order in t:

E(t)=a1+a2't1+a3't2+a4't3. (32)

To find the undefined constants a;,i = (1.4),
use the following conditions (terminal):

Qi+T exc
02 gl =Yy g, (33)
a1=%; a, =0; 2a3=Ql:nT:"c+g* a4——2£ (35)

Thus, for the traffic quality criterion (29) or
(30) to be satisfied, it is necessary that &(t) the time
varies according to the following law:

Q1+T exc t3
(et g (36)
t2 3
mesrg o 50 @7)
QitTexc t? 3
Pre=C-§0) = Q+C {2y ). (S 1) (38)
PLC(t) 4T exc/QL , _9* ) . ﬁ _ i
K;(t) = =1+C- {—mr +ml_g} {2 3rp}' (39)



The maximum values P, . (t) of (38) and K| (t)
(39) are obtained at the end of the transient process
(start-up) at t = T
Q1+7T exc 2
Pl{ — +g *} 5

T 6 LCmax

(40)

_(_c<c\ (o t* (Ql+Texc ) tr s (Ql"’Texc).ﬁ Q
xr(t)—( mr) {C 2+ my tg* 24 607y + my 2+C’

x,(t) = (mil) : {% Ly (e

my

Using the dependencies x,.(t) and x;(t)
and their values at the moment t = 7, namely:

X%plt=r, = %il¢=r, =V, can be found the value of 7, and V:

(a0 (o (22,
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2
K{1+T8XC/QI+L}TL (41)

my mrg) 6 gmax

Further find the laws of motion x, (t) and x_(t),

which have masses m, and m_at &(t) (36), and satisfy
the terminal conditions (24):

(42)
t* ts gt?
o) ()
exc 1/2
[ 25 45)
Tp - QZ(QL+Texc+g*)

Knowing from the relation (45) 7, it is easy to
find V as follows (this value must satisfy the provi-

2 ot - =1, (44) sions, standards that are accepted for crane structures
<mz) {cl p+(lm—:xc+g*)< % )} 9Tp and, obviously, not exceed them for specific types of
crane loads and specific types of work performed by
Thus, have: them on cargo handling) [20]:
_1 Ql 1+7 exc Tp3 Qi+T exc
V=i (o) [Ermr (e ) ()] + (22 -9) ), (46)

For the case of lifting the load “from the
base”/”with pickup”, the following initial conditions
should be used to solve (7):

¢le=o = 0; Sé|t:0 = Vo,

where: v, — initial speed of steady-state movement of
the system in the process of lifting the load.

The following considerations v, can be used
to determine the value. When the weight of the load
Q,= m, g is on the base, it deforms the latter and the

(47)

Cbase xp ml 170 -
0 =

Cbase

The general solution of (7) is again sought in
the form of (9), but now considering the conditions (47),

obtained:
—(_ i . QitTexc &) . - 20
A = ( !22) ( my + my/)’ 4,

Then the solution of &(t) (9) is given as follows:

(49)

magnitude of the displacement %;; of the base due to
the force on it Q, is ¥ = Q;/Cpqse, Where C, - is the
stiffness coefficient of the base [18; 21]. When the
load is detached from the base in this method of lift-
ing it with a crane, all the potential energy that the
load has as a result of interaction with this base and
its deformation is transferred (due to the presence of
the law of conservation of energy in mechanics) to the
kinetic energy of the load movement with the initial
speed v,. Thus, there is the following correlation:

, Qg 48)
Cbase Cbase
1+7 exc Q1 ot Vo .
&) == {m—r + mz} sin (2 ) + sinft. (50)

The force in the elastic element/rope, which
can now be considered as the impact of the load on
the load-carrying devices, will be:

P c=C-&() = {m+m—T€’“+1i’l} sin (;) +%-sin!) t. (51)
Using the relations of elementary trigonometry, (51) can be represented as follows:
Q1+Texc+ﬂ
Pc(t) = 20—6 - sin (%) . M + v, - cos (%) . (52)
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Analysis of the relations (50)-(52) demon-
strates that in this variant of lifting the load (“with
pickup”) at the time moments t* (15) the value P,

is even greater than in the case of lifting the load “from
the weight”, since now:

2my
1 =t¥] 7 o~ .
LCmaxlt—t*l (my+my) exc

(53)

Considering the arguments given above for (17),

(18), now have that the dynamism coefficient takes
the form:

my

2
Kd(t)|t=t* =2+—

(mr+mp)

. TEXC

o 54)

Consequently, when lifting the load “from the
base”/”with pickup”, the value K, at specific moments
of time (t*) acquires even greater values than when
lifting “from the weight”. Now define the law of mo-
tion &(t) that satisfies the quality criterion (29), but
with the lifting method “from the base”/”with pickup”.

Repeating the above algorithm for the method of lift-
ing the load “from the weight” have the following re-
sults. Again &(t) search in the form (32), since &(t)
must satisfy (31). But now the initial and final condi-
tions change, i.e. instead of (33) have [22]:

2m;  Texc

Ka®le=ex =2+ o

(my+my) 55
Then for the coefficients of the spline by t func-
tion &(t) (32) have:

=-2% (56)
p

3T

Qi+Texc
—+g; a
— g; Qq

a, = O; a, = 1.70; 2a3 =
Thus, for the traffic quality criterion (29) or (30)
to be satisfied, it is necessary that &(t) the following law
of change over time be satisfied t:
t2 3

{(t):vo-t+{(‘“+m—T:"‘+g}-{———}. (57)

2 37p

Then P, takes the form:

2 3
PLC(t)=C-§(t)=C-v0-t+C-{(‘“+m—T:"‘+g}-{%—;Tp}. (58)
For K, (t) have: vt C (T 2 g
Kg(t) =1+ -2 4 — . 3 exc -{———}. 60
Ky(t) = prctoral — QrPLe® _ g 4 Prc® (59) a(®) Q Q { my g} 2 37, (60)
@ @ This coefficient reaches its maximum value at
where P, @4 —is the total force load of the load-car-  the moment t = T

rying device: P, 0 =Q, + P . (1), or:

Kd(t)lt:rp = Kd(Tp) =K

From (60) it is obvious that in this case K (t)
it is less than in the law of motion é(t) (50). The lat-
ter, moreover, results in undesirable oscillations of
the load on the rope. For é(t) (57) there are no such
fluctuations [23]. Define further the laws of motion
x (1), x,(t). For this purpose again using the laws and

43
% @© = (-=)- {—""; 4 (Lo

my
(=gt?® 9
Xl(t) = T . (

E)'{%Jf(

Since at where V - steady speed of lifting the
load, it can be used to determine this circumstance 7.
Generally, the value of V is set by the operating stan-
dards of crane structures of a specific type and load

X ()lt=r, =V & (—g7p) + (m%)

The cubic equation (65) is obtained with regard
to 7, is solved using the Cardano formulas. In con-
trast, if the value 7, is given, using (65), it is easy ex-
plicitly to calculate the value V for a particular variant

CvyTp C
Q1

+ ) i_ +(Ql+Texc)_f+v -t
9) 2~ %0, my 2 0 0"

Qu+Texc

{Ql"’Texc i 61)

my

+g}

equations (25), (26) and initial conditions:

Q 6 dmax

X ()| e=0, X1 (O e=05 Xr(E)|e=0 = Vo5 %7 (E)]t=0 = 0. (62)

For %,(t) have equation (25), which must be
solved under the conditions (62) at é(t) (57). Have:

t5

(63)

t5

+9) (5= 500)}

lifting mechanisms that are used in this case. Thus, to
find 7, can be used, for example, expression x,(t) (64),
differentiate it in time t and find the value of this last
expression at t = 7,. Then have:

(2 (252 ) )

2
of lifting the load “from the base”/”with pickup”. In
calculation in the case of dynamic loading of the crane
loading device when lifting the load “with pickup”
(“from the base”), other approaches can be used [1].

(64)

my

(65)

(Ql"‘Texc 174

my



In particular, it allows neglecting the stiffness of one
of the elements (ropes, since the elasticity of the met-
al structure of the crane is much higher than that of
the ropes themselves, and the oscillations of the latter
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quickly damped) and consider only the elasticity of
the second element of stiffness — the crane structure,
that is, the mass of the crane m_and the load m, are
considered as one mass m (Fig. 2).

mKl

b) c)

Figure 2. Scheme of dynamic loading of the load device when lifting the load “with pickup”
Note: a) on overhead cranes; b) and c¢) design schemes of single- and double-mass systems

Source: [1; 2]

Under the assumptions made, it can be considered
that the load is lifted as follows. In the first stage, after
turning on the engine. The rope slack is selected, in
the second stage — elastic deformation of all structural
elements (Fig. 2). The second stage continues until the
force P, on the load-gripping devices, increasing from
zero, becomes equal Q, = mg. Only after that, in the
third stage, the lifting of the load begins [18]. When
moving x, the mass of the crane m_with rigidity C,_
(more precisely, the crane beam as part of the metal
structure of the crane) kinetic energy:

Wzmk-%,mkzml+mw (66)

but potential energy:

U=C,x2/2. (67)

The driving force here P, varies for different
stages of lifting the load. The equation of motion of
the system, which arises from the Lagrange equation
of the second kind, has the form:

mx'jc.zc-i_cx'xkzp: (68)

den =mp - X = (j) {-r?

If the condition holds: v, >> r-y_, then from (71)
have:

pdyn=—(%)-v0-r-sinrt. (73)

The maximum value P ion in this case is obtained
under the condition:

sinrt =—1. (74)

- Yor - COSTt— vy - T - Sinrt}

its solution is as follows:

Cx
(my+my) ’

X, =y +A-sinrt+B-cosrt,r= (69)
provided that at the beginning of the movement the
following relations are satisfied for x (t) and x,(t):

— (my+my)-g .

X (Ole=0 = Ysr = = Xele=0 = Vo,

(70)

where v, - the initial speed of lifting the load, i.e. the
initial speed of movement of the rope when it is fully
selected (its slack is eliminated); y, — deflection of the
structure from a static load.

After setting the values of the coefficients A and
L have:

v .
=yST+y5T-cosrt+7°-smrt;
=-—r-Ysy-Sinrt+v,-cosrt;
=—r2-yg-coSTt—Vy T SINTL.

(71

Xy
X =

P, — the dynamic load applied to the load-car-

rying device takes the form:

(72)

This mode and condition are implemented
at high initial load lifting speed (v,). If the ratio:
v, << ry,, then from (72) have:

Pyyn = — (%) 1% ygr - cosrt. (75)

The maximum value P ion in this case is obtained
under the condition:
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cosrt =—1. (76)

This mode and condition are implemented at

den=(

The maximum value P, , which is equal to:

P(max) — Ql . \/v02 . 7-2 + T4 . ySTZ ,

dyn (78)

acquires at times t *,determined from the ratio:

) {\/v 2. 12 7ty -sin(rt + a)la = arctg{ yST}

low initial load lifting speed (v,). In the general case
(for arbitrary values of v,) have:

(77)

b, * +arctg{ yST} g (4n—1),neN. (79)
The full load applied to the load-gripping

device is as follows:

1
Pre=0Q + P;;r:qax) Q '{1 ‘|‘_‘\/1702 it 'ySTZ} (80)
K™ =1 + Vo2 T2 Tt yg?
and when performing the relation that results in (73), (74), have:
-0 . Y. .\=0 . Yo, Cx
P=0Q (1 + r) =0, {1 +2 (mk+m,)}' (81)
Since C, = Q;/ysr = %, then from (81) can be obtained:

(max) _ 1 4 Yo / G _ ) (82)

Ka 1+ g (my+my) gyst mermp)’

Define further the law of motion x_ (t), for
which there are no oscillations in the considered sys-
tem and the initial conditions (70) and the criterion of
quality of type motion are performed:

1 1/2
(o reora] smn. @3
Tp

Considering that in (68) P = const, condition (83)

is performed at (Euler-Poisson equation):

x, V) = 0. (84)

The solution of (84) is sought under the follow-

ing terminal (initial and final) conditions of lifting the
load “with pickup”:

X (D=0 = Ys1i %(B)le=0 = vo; ¥ (O)le=0 = {(my + M) - g — Cc - ysr} = (m o )' % (Ole=y =V, (85)
where: V - steady-state speed of lifting the load after Then from (85) have:
the transition process (t > Tp). b
Search for x_(t), which satisfies equation (84) by = Ysr; by = vy; 2b, = (mm:i ;3 by = —31—2 , (87)
and conditions (85) in the form of a spline on t: e s
X(t) = by + by -t + by - t* + by - t3. (86) or:
X (t) =Ygy + ot + =l g2 - I 43 (88)

The dynamism coefficient K, (t) has no oscillating
character in the driving mode (88):

Qe — g pieo g T (1——) (89)

Q g (my+my)

Kq() =

Note that its maximum value K, reaches at the
initial moment of time ¢t = O:

K;max) (t)|t:0 =14

(my+my)’

(90)

The obtained formulas (in the approximation of
a single-mass model of lifting a load “with a pickup”)

2:(my+my)

3t (mp+my)

are quite simple and can be used in practical calcula-
tions, although, they do not consider the influence of
the second stiffness element that exists in the system
under consideration (Fig. 2). Accounting for it, the
system should be considered as a biaxial system with
two elastic couplings and, accordingly, as having two
degrees of freedom of motion, with the corresponding
superposition of oscillations at each of the frequencies
and finding the maximum during several periods of
oscillations. Using the Lagrange function for this prob-
lem allows writing in this case the following system of
equations for x, and x,:



{mx'jéx+cx'xx+cl'(xx_xl)=Pr_Ql+Ql=Texc+Ql; Toxe =Pr—Qp Qr=m;- g; ,

m % —C-x.+Cx,=—0Q

where: P_— the driving force of the lifting mechanism
drive. Using the second equation of the system (91)
can establish that:

1 ..
xx=a'(ml'xl+cl'xl+Ql)- (92)
Then, from (92) for X, have:
. (G, O+C , Ce
x4 & - {4 Lo g

or:

xl(IV) + jC‘l . {.le + ﬂredz} + .QKZ . .{212 . xl = .le .

C C+C; C, .
where: 0% = 7L,0,.4% = ==, 0,7 = 7= Here introduced

the following designations: C, — stiffness of hoisting
ropes and reduced to them the stiffness of the drive
elements, N/m; 02,.q = Clm;c reduced frequency, 1/s;
C,_— stiffness of the metal structure of the crane, N/m;
m,_— reduced weight of the metal structure of the
crane, kg; m, — weight of the load, kg [8; 9].

The partial frequencies of this system (in s*)
r,,=Q,, canbe obtained from the following relations:

G
T
°+(cn

x'S4red

where: v, - speed of lifting the load after its separation
from the surface of the support.

Quite often v, is identified with V — is the steady-
state lifting speed of the load [1; 3], i.e. (v, V) [3]. Al-
though in the exact analysis of the process of lifting the
load by the method “with pickup” v, is from (48). Notably,
neglect the costs of thermal processes that occur in the

) SiN(RreqTo) = g -Qredz/(vo ) QKZ ) -le):
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9D

. 1 e
x,( = a . (ml . xl(IV) + Cl . xl). (93)

Using the relations (92), (93), the first equation
of the system (93) can be reduced to the equation for
x, the fourth order, which is a linear inhomogeneous
differential equation:

C _ . _ & .
E - mymy ( exc Ql), (94)
Ck
e (Texe =2 @), 95)

1/2
2 2 2 22
.QLZ _ {.{Zl +0Qred + \/(ﬂl +-Zred ) _ 'QKZ . -le} . (96)

2

The duration of the time corresponding to
the moment of the detachment of the load from the
support (when lifting the load by the “with pickup”
method) is obtained from the following transcendental
equation [1]:

97)

deformed foundation during its deformation and detach-
ment of the load from it, i.e. neglect the heat losses that
exist in the foundation during the restoration of its orig-
inal, (almost) undeformed state. At t > T, starts lifting
the load by the method “from the weight”, which is de-
fined above as a system of equations (4), where m =m,.
The solution of equation (95) can be given as follows:

X () =A-sinQt+ A, -cost+A;-sinfd,t+A,-cos,t+ X *,

X*=Clx'(Texc_g_,;'Ql)'

and the constants A;,i = (1,4), are obtained from the
following terminal (initial and final) conditions of lifting

x1(O)le=0 = 04, (O)]t=0 = 0; %(O)l¢=2, = =G5 X1(O)| =z, = Vo-

From (98), evidently, the load, which is lifted by
the method “with a pickup”, is inherent in oscillations
with partial frequencies, Q,, Q,,which causes incon-
venience and dynamic overloading of the crane rope
system during the implementation of the last series
of loading and unloading operations [1]. Define what
mode of movement x, (t) can eliminate the above in-
conveniences. For this, it is required to consider the

(98)

the load by the “with pickup” method:

(99)

system of equations (4), (6), which is reduced to
equation (7), but for t > 7, (when the load has already
been detached from the support), with the following
terminal (initial and final) conditions of motion (they
are valid at the moments of time t € (r,, 7)), where 7 —
the moment of time, when the speed of lifting the load
reaches a steady state V, value at which a uniform move-
ment (in particular, lifting) of the load is performed:
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EOlimr, = F:EO,_, = 0@, =725 €O, =V

From equation (7) it can be determined easily &(t):

f0 =g ()-8

my mp

(101)
The following quality criterion (of this movement)

fOT”_TO{E(t * +79)}2dt * = min;

E(t o =25 €t %)

Using the substitution &(t * +t,) (101) and
substituting it into the motion quality criterion (102),
obtain the necessary condition for the realisation of this

oo - Vos G

will be searched for:

[l g yde = min.

(102)

If you enter a new variable t *= t — 7, then the
criterion (102) and conditions (100) will be as follows:

Lexe; (¢ ) =V, (109

t+=Tp—To

tx=0

t * +7, = t. The same will be for t *>0 or ¢t > 7, to
find the solution of the equations accordingly:

V) (¢ %) =
criterion (Euler-Poisson equation) of the following form: e =0 (105)
E(t * +14) = 0. (104) and:
. _ () = 0. (106)
Consider the solution of this equation in the
form of a spline of the third order by the argument Thus, for é(t *) have:
E(tx)=do+dy- () +dy- (Ex)*+ds- (t*)3t+=0. (107)
Considering the conditions (103) for &(t *) (107), have:
Q Texc 2 (V—Vo)—T.,fle'(Tn—‘ro) 3
E(t %) =?+v0-t*+z—mr-(t *)° + PyE—" ()3, (108)
The dynamic component of the force that oc-  pickup” has the following form:
curs in the rope system when lifting a load “with a
r (V=v0)~1EE (170
C-Texc mr P
Pre#) =C-§(t*) = Qut Crvp-tx+=72 - (L4)° +C { 3-(1p—70)? } (t #)3. (109)
The dynamism coefficient K, (t *) has the following form:
Texc
_ Pre(t=) _ C-vg-(t*) C-Texc . 2 C'{(V_VO)_ my '(TP_TO)} . 3
Ka(t=) = meg 1+ mpg  2mempg G my-g-3-(tp=7o)? ()" (110)
From (110) evident that K,(t *) it has no os-  quires at t *= 7, — 7y, namely:
cillatory character. The maximum value this value ac-
(max) _ _ 2Cvg (Tp=T0) | CV-(tp=T0) , CTexc (Tp=70)*
Kd (t *) - Kd(t *)lt*:‘rp—‘ro =1+ 3:myg 3myg omympyg (111)
Asarule: T >>7), Vav,, thus from (111) have: Discussion

CV-tp
mpg

C-TexcTp?

Kd (max) (t *)

1+ (112)

tr=1, 6mymp-g’

Due to the small values of the terms included
in (112), compared to unity, practically the value of
the dynamism coefficient for this method of lifting the
load (as, incidentally, for the case of lifting the load
“from weight”) differs little from unity (not more than
10%, exceeding unity).

The quality of operation and functioning of the lift-
ing mechanisms of bridge cranes largely depends on
the proper optimisation of the dynamic loads of rope
systems due to the handling of goods, and their effi-
ciency is one of the most pressing issues of our time,
and some problems require immediate solutions. For
example, the mechanisms with which it can be per-
formed installation and transporting works are quite
dangerous and cumbersome during operation, this is



a significant problem in using these mechanisms, and
it is essential to increase the efficiency of exploring these
problems to solve them as soon as possible. Most of
the lifting mechanisms at the moment are outdated both
technically and morally, and the significant amount of
resource cranes has greatly decreased.

According to the results of recent studies by
Q. Guo et al. [24], the constant use of lifting machines
in such a technically worn-out condition can result in
their destruction and breakdowns, which causes the
termination of the cargo flows used by them. On the
one hand, the provision of high productivity of shift-
ing loads in the river and sea warehouses, ports, con-
struction sites, and production workshops is combined
with increased dynamic loads in the details of cranes,
they are one of the main reasons for their transition
to the limiting environment, after which the efficient
and high-quality operation of the mechanism is unre-
alistic. The most urgent issue that must be considered
during the development and operation of the cargo lift-
ing facility is the energy efficiency of this mechanism.

The entire mechanism of lifting machines was
analysed, and as a result, it was decided that for the
application of various constructions, especially theo-
retical ones, it is necessary to have a basic knowledge
of these objects to indicate the physical properties of
this device and their number, which will allow under-
standing the process of operation of lifting mechanisms
under the given conditions of their use. The problem
of energy efficiency of lifting mechanisms was almost
indecisive before, as there were not enough available
means of energy saving in the crane drive, and they
appeared recently. Complex vibrations have an ad-
verse impact on the stability of the elements of lifting
machines, which results in numerous destructions.

According to the definition of H.M. Omar
et al. [25], gantry cranes are most often used for the
construction of civil and industrial facilities. The fea-
tures of operation of these lifting mechanisms are
that a large part of the work process is represented
by transient modes, namely starting and deceleration,
machines for changing the departure and lifting loads.
Thus, the productivity of the crane is connected with
the duration of the transitional processes of the ma-
chines for changing the outreach and lifting loads.

It indicates that in the design and modelling
of gantry cranes used for the construction of various
structures, it is required to consider all the features of
the mechanism and its modes that affect the quality
of operation and ensure proper performance. Efforts
to reduce the duration of transients in the departure
change machine are not successful due to the neces-
sity to reduce the load fluctuations that occur during
transients. All these damages the operational perfor-
mance and reliability of gourd cranes, and, in general,
lifting and transporting mechanisms.

Researcher Y. Liu [26] determined that there
are almost no systems for monitoring the energy
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consumption of lifting mechanisms in Ukraine, al-
though lifting machines, compared to other industrial
equipment and mechanisms, have low efficiency and
are one of the most energy-efficient mechanisms.
Very large energy losses in crane electric drives oc-
cur through the outdated control systems of drives,
inefficient cycles of operation of machines, and their
worn-out technical condition. In general, this applies
to 80% of cranes that have reached the end of their
regulatory service life.

But when modelling lifting mechanisms and
other industrial equipment, using this class of energy
consumption monitoring systems, allows for improv-
ing the work of these machines, due to the massive
number of receiving elements and the large number of
parts that are involved in the process, thus, it is very
necessary to consider the specific features of using this
type of mechanisms and systems, timely investigation
of data and possible causes of problems, for further
prospective development of using lifting machines
and monitoring systems in Ukraine. It is essential to
draw attention to the development of systems for
monitoring the energy consumption of cranes, consid-
ering the regulatory requirements for their safe opera-
tion. To improve the reliability of the operation of lift-
ing mechanisms, it is required to reduce the dynamic
loads on their body and drive parts.

C.M. Niu et al. [27] identified that the cost of
energy resources is constantly increasing, which opti-
mises research to reduce energy consumption when
lifting or lowering loads. Suboptimal and unreliable
choices of cycles of operation of the lifting machine,
even in the presence of innovative hardware, can
cause energy overruns during the unloading and load-
ing processes. The investigation and resolution of these
contradictions can be promising only using the mecha-
tronic approach, through which lifting mechanisms are
presented as a synergistic combination of electrical, hy-
draulic, mechanical and electronic components.

The results of this mechatronic approach to
resolving contradictions were analysed and explored
more precisely, it can be concluded that the efficiency
of using innovative designs of lifting mechanisms and
support apparatus, their use allows for keeping energy
overrun. The main role in the modelling and design
of mechatronic crane systems is the development and
calculation of software that allows the implementa-
tion of control of some individual mechanisms, devices
and parts. During start-up and deceleration of drive
devices, i.e. transient modes, dynamic loads dangerous
for lifting mechanisms appear.

M. Ziaei et al. [28] demonstrated that such
transient modes in cranes have an impact on the en-
ergy and dynamic properties and performance of the
crane. For a load-lifting machine, the dynamic cycles
that occur during the transitional modes of movement,
i.e. lifting or lowering the load, have an impact on the
magnitude of the moment and force loads in the flexible
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suspension and drive of the machine. The vibrations
in the flexible suspension are transferred to the crane
boom and load it with additional bending moments.

These modes may have a specific modification,
it happens due to the specific features of the cranes
that are observed and considered. It is essential to use
the tower crane in such a way that the oscillatory
dynamic cycles in its mechanisms are reduced during
transient modes of movement. Small elimination of
dynamic loads during the start-up and deceleration of
gourd cranes helped to increase the overhaul time of
these cranes many times.

As noted by N. Zhao et al. [29], modern moni-
toring systems operate on the established mechanism
link between the replacement of energy losses during
the operation of lifting mechanisms, namely cranes,
and their technological condition. At the time of op-
eration of cranes, it changes a lot: the position of the
crane runway, flanges and rims of the running wheel,
brake linings, brake pulleys, rope block, drum, bear-
ing and various friction units in crane machines, the
position of the electric motor winding and the resis-
tance of the separate relay and contact equipment,
the electromagnetic pusher coil, the viscosity of the
operating emulsion in gearboxes and electrohydraulic
brakes. Thus, as a result of these work processes, the
energy consumption of lifting mechanisms changes.

To optimise the energy performance of lifting
mechanisms and their electric drives, dynamic loads
and kinematic parameters of cranes, it is required to
develop mathematical models that can consider tran-
sient cycles in lifting electric drives, structural vibra-
tions, loosening of loads and represent a set of non-
linear differential equations. It is essential to increase
funding and improve the skills of employees, to start
introducing new technologies to improve the design
and modelling of lifting machines and to reduce errors
in the operation of these mechanisms.

Conclusions

The physical-mechanical models for the analysis of
the process of lifting loads by overhead cranes in two
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AKTyasnbpHiCTB. Y JaHOMY JOCTIPKEHHI IPHU/iIeHa 3Ha4YHA yBara aHaji3y AUHAMIYHUX HaBaHTaKeHb, SIKi BUHUKAIOTh
y KaHaTHUX CHUCTEMax BaHTAKOITAMOMHUX MEXaHi3MiB MOCTOBUX KPaHIB IIifl Yac IMyCKy Ta raJbMyBaHH], a TAKOX
3MEHIIEHHIO IIUX HaBaHTa)KeHb.

Mera. /Iy BUSIBIEHHA BEJIMUUHY Ta XapaKTepy 3MiHU AWHAMIYHUX HaBaHTaXXeHb y eJleMeHTax BaHTAXKOMIANOMHUX
MeXaHi3MiB MOCTOBUX KpaHiB IpOBeJeHUH BceOiUHMI JUHAMIYHUI aHali3 caMe MeXaHi3My MiZIioMy MOCTOBOTO
KpaHy Ta Moro Npy>KHUX eJleMeHTiB (KaHaTHHUX CUCTEM).

Mertoau. [luHaMivYHMI aHasi3 BKa3aHUX BUIIE MEXaHi3MiB Ta CHCTEM IIPOBEAEHO Ha OOTPYHTOBAaHUX MaTeMaTHUYHUX
MO/IeJITX KPaHiB MOCTOBOT'O TUITY (OZHO- Ta IBOMACOBUX).

Pe3ynbraTi. AHaMi3 OTpUMaHUX PO3pPaxXyHKiB MaTeMaTHYHUX MoJelell MeXaHi3My IiZfioMy BaHTaXy MOCTOBHUX
KpaHiB ITOKa3aB, 10 AWHAMI4YHi HaBaHTaXeHHS, AKi ZiI0Th Ha eJIEeMeHTH KOHCTPYKIIil Ta TPUBOJHUX MEXaHi3MiB,
MalOTh KOJMBHUH XapaKTep i 110 BeJINYHI ClIiBCTaB/IeHi 3i CTATUYHUMY HaBaHTaXXeHHAMU. ToMy /7151 3MeHIIIeHHA
JVHaAMIiYHUX HaBaHTaXeHb B eJleMeHTaX KOHCTPYKIii (30kpeMa, y KaHaTax) IIiJl 4ac IepexiJHUX IIPOIIECiB y
TaKHUX BaHTAXOIZHOMHHUX MexaHi3aMaX MOCTOBUX KpPaHIB 3allpOIIOHOBAHO IIPOBECTH OINTHUMi3allilo peXuMiB
PyXy iX MpUBOAHUX MeXaHi3MmiB. [l MiHiMi3allil iHTerpasbHUX (QYHKI[IOHANIB BUKOPHUCTOBYBAJIUCH METOAU
KJIACUYHOTO BapialliifHOTO YMCJIEHHS, MaTeMaTuyHoi pizuku Ta AudepeHLiasbHi PiBHAHHA, AKi MOZJETIOIOTh
JVUHAMIKy MpolleciB HaBaHTa)KeHHs KaHATHUX CHCTEM Ta IMPUBO/IB MOCTOBUX KpaHiB, a TAKOXK Oy/iv BpaxoBaHi
TepMiHaNbHI (TIOYAaTKOBi Ta KiHIIEBI YMOBU PYyXy MOAIOHUX CHCTEM), IO AO3BOJIIIO OZHO3HAYHO PO3B’S3aTU
ONTUMIi3aliliHy 3aZa4y. BaxxinBe MicIie B Takili onTuMisaii 3aiiMae BUGip KpuTepito onruMizanii. Cepes Takux
KpUTepiiB BUKOPUCTOBYBAJINUCH iHTErpalbHi KpUTepii onTHUMisallil. ¥ AKOCTi TaKuX iHTerpaJbHUX KPUTEPiiB
ONTHMi3allii BUKOpHCTOBYBa/INCh CEPeHbOKBApAaTUYHi 3HaUeHHS JiI0UNX HaBaHTAXXeHb Y IPY>XKHUX eJleMeHTax
(kaHaTax) MOCTOBUX KpaHiB.

BucHoBkw. Taki iHTerpaybHi KpUTEPIl ABJIAIOTH COO0I0 iHTerpaibHi GYHKITIOHAH, SIKi, STK IPaBUIIO, BiZOOpaKaroTh
HebakaHi BIaCTUBOCTI MAIIMH Ta iXHiX MeXaHi3MiB, TOMY BOHH MiIAraloTh MiHiMizalrii

Kiro4uoBi ciioBa: AuHaMiyHaA ONTUMIi3allifg, KAHATHI CUCTEMU, BaHTAKOIIAHOMHI MeXaHi3MU, MOCTOBi KpaHH,
06pobKka BaHTaXiB, epexigHi mpoliecu



