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dynamic loads, elastic elements, An updated analysis of dynamic loads in crane ropes was conducted and conditions of loads minimization were determined.
lifting machines, ropes, Modes of load movement on elastic rope of lifting crane were substantiated. In these modes dynamic factor KD minimizes
movement modes, "hanging", and drive mechanism performs optimum movements. At the same time methods of classical variational calculus and
"with pickup", lifting. apparatus of differential equations (ordinary) were used, and the calculations were carried out for two classic ways of load

lifting ("hanging" and "with pickup").

The updated dynamic analysis was conducted and loads that arise in elastic elements (ropes) of lifting equipment were
minimized within the two-mass model. At the same time methods of load lifting "hanging" and "with pickup" were
considered for various possible modes of drive mechanism motion in the starting area.

Models for load lifting "hanging" and "with pickup" which minimizes the dynamic loads in the rope of the crane in its
launching period (7 €[0,1,]) were justified.

The results obtained can later be used to update and improve existing engineering methods for movement mode's
calculation of lifting cranes and their components (when lifting is "hanging" or "with pickup"), these modes minimize the
rope load at optimal modes of drive motion as at the design (construction) stage of such systems, as well during their real

operation.
Kuiouesvie crosa: HccnenoBansl 3aKOHOMEPHOCTH Pa3BHTHS JAMHAMHYECKHX HArpy30K B YIPYTHX OJJIEMEHTaX IPy30IMOJbEMHBIX MAIlHH,
YTOYHEHHE, aHAIH3, KOTOPBIC B YCIOBHSIX PEabHON HKCIUIyaTalii He0OX0AMMO MUHUMH3HUPOBATb.
MHUHHMHU3ALHS, THHAMHYIECKHE IpoBesieH YTOYHCHHBIN aHAIN3 AMHAMHYECKUX HArpy30K B KaHATax KPaHOB M OMNPEIECNICHBI yCIOBHs, IPH KOTOPHIX OHH
HArpysKu, yIpyrue 3JIeMeHTbI, MOTYT OBITH MUHHUMH3HPOBAHBL.
rPY30I0bEMHbIC MAILIUHbI, OGOCHOBaHBI PEXKUMbI BUKCHHS TPy3a Ha YIPYroM KaHaTe Ipy30MOJBEMHOrO KpaHa, IPU KOTOPBIX MUHUMH3HPYETCS
KaHATbI, PEXKUMBbI {BUKCHUS, ko3 duiment anHaMuyHOCTH K, @ IPUBOJHOM MEXaHW3M OCYLICCTBISIET [IPU 3TOM ONTHMAaJbHbIC ABMXKeHUs. [Ipu 3TOM
«C BECa», «C MOAXBATOM, HCIIONB30BaHbl METO/bI KIIACCHYECKOTO BAapHALMOHHOTO HMCYMCICHMs W ammapar Iud@depeHuuanbHbIX ypaBHEHHI
MOABEM. (OOBIKHOBEHHBIX), @ PACUEThI OCYILIECTBICHBI IS JIBYX KJIACCHYECKHX CIIOCOO0B MoJbeMa rpy3a (¢ Beca U ¢ [MOAXBATOM).

TIpoBeaeH yTOUHEHHBIN JMHAMUYECKHIT aHAJIM3 1 MUHUMH3UPOBAHbI HATPY3KH, KOTOPbIC BO3HUKAIOT B yIPYTHX dJIEMEHTaX
(KaHaTax) rPy30I0JbEMHBIX MAIlHH, B paMKaX IByXMaccoBOi Mozenu. IIpu 3TOM paccMOTpeHsI Croco0bl MoabeMa rpysa
¢ Beca ¥ C MOJXBATOM JUIsl Pa3JIMYHBIX BO3MOXKHbBIX PEKHMOB JBHKEHUS IIPUBOTHOIO MEXAHU3Ma Ha y4acTKe ITycKa.
OO6GOoCHOBaHBI MOJIEIIH TTOJ/bEMa IPy3a C Beca M C IOAXBATOM, KOTOPbIe MUHUMHU3HUPYIOT AMHAMHYECKHUE HArPy3KH B KaHATe
Tpy30I0JbEMHOT0 KpaHa, B TIepuoJ ero mycka ( ¢ € [0, t,] ).

IMosnyueHHble B paboTe pe3yibTaThl MOTYT B JalbHEHIIEM ObITh HCIOJIB30BAHbI [UIs YTOYHEHUS U COBEPIICHCTBOBAHHS
CYLIECTBYIOIIMX WHXXCHEPHBIX METOIOB pacyera PE)KUMOB IBIKCHHS TDY30MOJBEMHBIX KPaHOB M UX AJIEMEHTOB (IpH
[O/TbEME C BECa WK C MTOAXBATOM), KOTOPbIE MUHUMH3UPYIOT HArpy3Ky B KaHATax MPH ONTHMAIBHBIX PEXKUMaX JBHKCHHUS
[PUBOJA KaK Ha CTAJHsAX MPOCKTHPOBAHUs (KOHCTPYHPOBAHMs) MOJAOOHBIX CHCTEM, TaK M B PEKMMaX HX peaabHOM
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The problem formulation

It is known [1-5] that the dynamic loads in elastic
elements of flexible working parts (eg ropes) in the
lifting equipment drive and metal structures
significantly ~affect their efficiency, functional
reliability. Moreover, the accuracy and implemen-
tation by these machines different unloading, loading,
transport and assembly operations depends on these
loads essentially. It should be noted that the value of
dynamic loads is a function of the lifting movement
mechanism area or the entire machine. Especially
significant overloads occur in transients areas
(in particular during starting, braking, and reversing
movement). Therefore, the problem of minimizing
dynamic loads in lifting equipment elastic elements
(ropes) is relevant and requires in-depth
comprehensive study to deal with it.

Publications analysis on the research subject

Many works, in particular [1-25] are dedicated
to study the problem of minimizing dynamic loads
in lifting equipment elastic elements (ropes). Thus,
the author of [4] states that braking during load
descent dynamic coefficient (K4) in crane
mechanisms rope may exceed 2.5.

There is a choice of necessary motion modes to
drive mechanisms transient areas to reduce these
stresses [2]. In [3] the dynamic loads in lifting
equipment elastic elements minimization was
carried out, which is based on the use of special
motion modes actuators [2], can significantly
reduce the coefficient of dynamic K. However, in
this study of the cranes ropes loads minimization is
carried out on the basis of other system movement
quality criteria, which uses the movement of the
drive modes proposed in [2], and at the same time
minimizes the actual Kj.

The main research content

On the scheme of the lifting mechanism
dynamic model (Fig. 1) "hanging" the following
symbols are accepted: 77, 7> — reduced to the
lifting rope weight respectively of the drive
mechanism with the drum and the load; x;, x, —
generalized coordinates, respectively, of the
masses m; and m;; F, — weight of the load,
F, =myg; g — free fall acceleration; F; — the moving
force of the drive (and F, and F, are reduced to a
load rope); C — the stiffness of the rope.

The equations of the considering load lifting
mechanism model "hanging" motion look [3] as follows:

{ml.jélel—C(xl—xz); O

m,-%, = C(x,—x,)—m,g.

F,

| g
Fig. 1. A dynamic model of
the crane lifting mechanism "hanging"

The system (1) can easily be reduced to a
single fourth-order differential equation for x,:

XV k% =k, )

where k — the natural frequency of the selected lifting
mechanism dynamic model "hanging",
1

2
k= {C (L+Lj} ; a— the drive mechanism
m.m,
movement mode acceleration function, which is
depended on time ¢ is shown in [2, 3], a = a(?).
Equation (2) is obtained taking into account the fact
that the moving force of the drive is determined by the
dependence F; = F, + (my+ my)a = myg + (m + my)a.
The solution (2) depends on the type of the
right side determined by drive mechanism motion
mode [2, 3]. In these studies the following possible
drive mechanism movement modes at the starting
area are considered: 1) motion with constant
acceleration mode, which minimizes the value of a

. . V.
drive moving torque: a(¢) = a, = — = const, where
ta

V. — speed of steady load movement during lifting;
t —

a

load acceleration duration; 2) ramp

acceleration motion mode minimizes the dynamic
component of the drive power:

t

a

a(t)=a,(t) = 2V, (1_%} 3) the motion mode with

acceleration change on the third order curve:
2t & ¢
a(t)=a,(t)=——>2 [

——2—2+—J; 4) the motion
mode with change acceleration on the fifth-order

3

a a a a

t

a

3 2
curve: a(t)=a,(t)= = 6(t)VS (I_ILJ t_2 The last

a a
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two drive motion modes provide smooth driving
mechanism acceleration change for vibrations
reduction of dynamic loads in the crane elastic
elements (ropes).

The criterion of the system's motion quality is
the following:

t
[ K3 (2)dt — min, 3)
0
Clx - i} .
where K, = (j;ll gxz) _ mz)(;l-i-gnhg :1+ﬁ. )
2 2

In this case, the K4 value was obtained from the
second equation of the system (1). If the criterion
(3) is used with (4), we obtain

j:{l +—} dt — min. &)
0 g

Using the the classical variations calculus
apparatus, it is easy to determine the necessary
condition for the implementation of criterion (5) in
the form of Euler-Poisson equations:

" =0. (6)

If we compare (6) with a more general
equation of the system motion (2), we obtain

vy _
=0 — % —a(r), = (1) =0. (7)
XV 4k, = Ka(n); ’ '

Then the equation for K,(t) takes the form

Kd(z)=1+%). (8)

The minimum value of K, will be determined
only by function a(z) :

t

j [K, ()] dt—)m1n:>j{l+ a(t )} dt - min. (9)

0 g
However, in this study authors opinion, this approach
does not provide during the smallest value as the the
basis of (7), the following relation should hold for a
(), which is valid only for the first and second drive
mechanism motion modes. Therefore the second
equation system (1) and the first should be used in
setting motion type quality criterion (5), ie it is
necessary to express ¥, through a(z) and x{") from

equation (2), which describes all the features of system
motion. So, we have with (2) and (5)

[ sy
ol & k

b av)
=J.[1+@ b }dt:min.
g

g gk’

(10)

A necessary condition for the implementation
of (10) — motion criterion of quality — is the Euler-
Poisson:

x;VIII) —k.a™. (11)

second and third drive
mechanism motion modes (i = (1.3)) we have:

a™()=0. Only for the fourth mode

607,
a™ (f) = S {72 120— }
P p

For the first,

To solve (11) the appropriate the initial
conditions must be set:
X l2o=05 X, | o=0; %, 1,,=0;
X [i2o=0; leV) l-0= kza(O)
(12)

7 | =k a0); x5 | =k d(0);
xzvm =K@ (0).

To find the specific values of derivatives x, ()
in time (¢) if ¢=0 it should find
a,(0), a,(0), G,(0), @ (0) for a,(t), i=(1,4). These
values are defined by equation

a0 =" 6,(0)=0; 4,0)=0;
b (13)
4 (0) = 0;
0, (0) = V, 0, (0) =222 i, (0) = 0;
ly fy (14)
az(o)zo;
,(0) = 0; 4, (0) = f—V (0= -2
a a (15)
i (0) =2
ta
a,(0)=0; d,(0)=0; a4<0>—12t°V,
' (16)
0, (0) =

a
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To solve the equation (11) with initial
conditions (12) for the drive motion modes

i= (1,3) the following formula is used x{”(¢):

WO =a +ol” t+al £ +al’ -+ a7
+al ol +al o al -t
where i = @ Taking into account the conditions
(12) the equation (17) are substantially simplified:
O =a t +al a7 i=(1,3). (18)

Wherein

al :k—zﬂ; 0=0; a’ =0; ol =0;
41,
@ _k_2 2. @ _ k2 % .
OL4 —_ 9 (X'S 2 9
41 1, 51 tp
oc(:) =0; a(72) =0; (19)

al’ =0; a

(3) k2 12Vs .
sil2 S

(2) k2 4'8Vs . 0(’(3) k2 72Vs
T I U T i)

a

For the mode x{¥(f) (i=4) the solution (11)
takes the form

»¥ () =al -t +a<4> £+a O+ (20)
+al ol v alh
where
o _ k* -4320-V,
I 5 H
8t
a(4):_7200-Vs-k2.
’ ous 7
e (21)
k*-120-V.
@ _ @ 0 @ _ 5.
o, =0; a;’ =0; a, _—6!t: ;
2
7 4 N
7t

Representing the obtained results in the free form:

' k2 Vot kv, , kKV.-£

0= . X0 = 12t, e 6012 ;

(3)(0_1(2 Vor kz-ng.t kZ-VS4-t7;
10£; 15¢; 70¢, (22)
2 6 2 7

xy)(t):kék;:'t _k 1V:“;t N

+k2-VS'3-tg_k2-Vs-5-t9

28¢ 252

In such (22) the lifting load motion modes
"hanging" on rope for all (i=(1,4)) acquires its
ideal (!) value, ie, K\"(t)=1 npu ¢ €[0,¢,].

To analyze the lifting mode "with pickup" the
model that describes the process in the form of a
differential equation for the rope tension force is

used F =C(x,—x,):

C(m1 +m, ) a (o).

F+k>-F=2k-0+ m1 (23)
Q=mg,
with the initial conditions
t=0; F=0, F=C-V. (24)

The condition (24) corresponds to a situation
that lifting load "with pickup" at the initial moment
the rope strain is zero (since the the load weight is
perceived by base), but given the drive weight ()
in the process of choosing a rope weakness has a
speed (V) substantially equal to the nominal or
close to it [1].

The dynamic factor Kq”(¢) if i=(1,4) for all
variants within the actuator motion model (23) has

the form
{ ai(t)—F'}
KO =24—"1 . (29
(k -ng)

initial conditions

C(m] +m2)

For lifting mode "hanging"
(23) takes the following form:

t=0; F=Q=m,g; F=0. (26)
There are dependences F(¢) and K4(¢) for all

i=(1,4) drive motion modes on the Fig. 2. The

analysis shows that there are significant
oscillations of F(r) and K ”(f) during t€[0,z,].
Graphics have oscillating characteristic for each i-
th drive motion mode ("hanging" and "with
pickup").

Let us consider further the conditions of load
lifting ("hanging" or "with pickup") the following
quality motion criterion is implemented:

2

I= T{K;”(z)} dt — min. (27)

A necessary condition for this criterion
implementation is the Euler-Poisson equation,
which takes the form in the model (23)
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Fig. 2. Dependencies F () and K4"() for Fig. 3. Dependencies F(¢) and K ”(f)

all i =(1,4) drive motion modes: a—d — "hanging";

for all i =(1,4) drive motion modes:

e—h — "with pick up" a—d — "hanging"; e—h — "with pick up"
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FV = Méii ). (28)

m,

The initial conditions for lifting " hanging" for
(28) have the form

t=0; F=0=m,g; F=0;

- C(ml+m2) '
F=k -Q+—lai(0), (29)
C(m1+m2)

F = a(0).

m

The initial conditions for lifting "with pickup"
for (28) have the form:

t=0;, F=0; F=C-Vy;
.. C(m +m)
Fok?.g+201") o),
.. C
o Clmrm) . o

m,

To carry out numerical calculations on the
computer the following parameters values of
load crane lifting mechanism were used [3]:
C =1.54510" H/m; g = 9.81 m/s*; m; = 41550 kg;
m; =20000 kg; V;=0.5m/s; t,= 2.0 s.

The values a(f), a,(0) and 4,(0) for

i=(1,4) are:

dl(t)zo; dz(t):O;
.. 24V 2 3t
Cl3(l)= S{__z—i__}};

t t t

a a a

2 3
a,(t) = 120, {1—9ti+18§—2—10§—3}

€2))

3
a

a a a

Vv 2V
a,(0)=—=; a,(0)=—=;
0= @)= (32)

a;(0)=0; a,(0)=0;

. . 2
@,(0)=0; a,(0)=—"3*;

¢ 33
. 12V, . 33)
a,(0) =3 4,(0)=0.

a

In the model (28) for the conditions (29) or
(30) (corresponding to lifting "hanging" or "with
pick up") and values a,(t) (31), a,(0) (32), 4,(0)

(33) calculations of F(¢) and K\ (¢) were held if

t change in [0; #,]

Analysis of the shown in Fig. 3 graphs, for the
functions F(7) and K4”(f) shows that the model
(28) and the corresponding initial conditions for
the force F and its derivatives F, F, F, the
values of 4,(¢) (31), a,(0) (32), 4,;(0) (33) graphs
characteristic F'(t) are not oscillatory (only
monotonous, growing in time), and K (r) for
i=(1,4) to lifting "hanging" or “with pick up”
during 7€[0,¢,] practically corresponds to the
"ideal" load lifting (K" (t) > 1, t€[0,1,]).

Conclusions and suggestions

1. The loads lifting models "hanging" and "with
pickup", which minimize the crane rope dynamic forces
in its start period (¢ € [0,7,]) were proved.

2. The obtained results later can be used to
update and improve existing engineering methods
for calculating the cranes motion modes and their
components (lifting "hanging" or "with pickup")
which minimize the ropes load with the best drive
motionmodes (in terms of the results of [2]) as at
the such systems design stage and the modes of
their actual operation.
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