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Kniouesvie cnosa:
TPY30I0IbEMHEII KpaH,
KBa3MONTHMAJILHOE yIIPaBJIeHHUE,
IPHHIHUI MAKCHMYyMa, KoJIeOaHus
rpy3a, IMHAMUYECKHE Harpy3KH,
METOJ1 POsl YaCTHIL,
MaTeMaTHuecKas MOJIENb,
TPaHCLIEH/IEHTHBIE YPABHEHUS.

The subject of research is an influence pattern of quasioptimal quick acting movement control of lifting cranes with a load
flexible suspension on dynamic movement characteristics. The purpose of the work lies in the synthesis of quasioptimal
crane movement control when its accelerating with the elimination of load fluctuations, as well as in the study of the crane
movement dynamics at the quasioptimal control.

The paper proposed to switch from an optimal control of crane movements to control, which is described by a continuous
function. In order to achieve specified final conditions of movement by the system “crane-load” an algebraic system of
transcendental equations was composed, which was leaded to the target of minimizing the complex function of three
arguments. By using the particle swarm method points in time were found at which there was a change in the control
character (the driving force of the crane actuator). Simulation of crane movements at quasioptimal control made it possible
to find its basic dynamic characteristics during acceleration. Comparative analysis of the data showed a significant
reduction of dynamic loads in the crane elements. The transitional regime duration of the crane movement in comparison
with the optimal control increases slightly. Thus, by increasing the duration of the crane's non-essential movement cycle
(for tens of seconds) an increase in the durability of the crane steel structures, mechanical gears, motor, power inverter, and
other elements is achieved.

The obtained results should be used for the development and modernization of movement control systems for lifting equipment,
which require a significant productivity, energy efficiency and durability (for example, cranes that are extensively exploited in
ports, metallurgical and machine-building enterprises, construction sites, warehouses).

IIpeaMeToM HCCIEIOBAHUS SBISIOTCS 3aKOHOMEPHOCTH BIIHSIHUSI KBa3HONTHMATIBLHOTO 10 OBICTPOICHCTBUIO YIPABICHUS
JIBIKCHHEM T'PY30M0IbEMHOIO KpaHa ¢ MMOKHM IOABECOM Ipy3a Ha AMHAMHYECKHE XapaKTEPHCTHKH ABIKeHUs. Llens
paboOTHI 3aKIIOYAETCS B CHHTE3€ KBAa3HONTHMAIBHOTO YNPABICHUS ABWKCHHEM KpaHA IPHU €ro pasroHe C YCTPaHEHHEM
KosebaHuii rpy3a, a TAKXKE B HCCIICJOBAHNH JHHAMHKH JABIDKCHUS KpaHa IIPU KBa3HONTHMAILHOM yIPABICHHN.

B paboTe mpeyioKeHo MepeiTH OT ONTHMAIBHOTO M0 OBICTPOICHCTBUIO YHPABICHHS JBHKCHHEM KPaHa K YIPABICHHIO,
KOTOPOE OIMCBHIBACTCSl C IOMOIIBIO HenpepblBHOW (yHKimu. s obecreueHus: DOCTHKCHHSI CHCTEMOIl «KpaH-TPy3»
3a/laHHBIX KOHEYHBIX YCJIOBHil JABIDKEHHs OblIa COCTAaBJICHA CHCTEMa alreOpauvyecKuX TPaHCICHACHTHBIX ypaBHCHHH,
KOTOPYIO Y/1aJIoCh IPUBECTH K 3a7aue MHHUMM3ALHN CIOXKHON (GyHKIMM TPEeX apryMeHTOB. B pe3ysibTaTe HCIONB30BAHUS
MeTojila POs 4YacTUIl OBbUIM HaifJICHbl MOMEHTBI BPEMEHH, B KOTOPBIX INPOMCXOAUT HM3MEHEHHE 3HAKa YIpPaBICHUS
(IBIKYIIETO YCHJIMS NPHBOAA KpaHa). MoJenupoBaHHE JBI)KEHHsS KpaHA IPHU KBa3HONTHMAIBHOM YIpPaBICHHH Jajo
BO3MOJKHOCTh HalTH €ro OCHOBHBIC JHHAMHYECKHE XapaKTEPHCTUKM NpU pasroHe. CpaBHUTENbHBI aHAIN3 MOIYYEHHBIX
JIAaHHBIX TOKa3aj] 3HAYMTEIbHOE yMEHBIIEHUWE JHMHAMUYECKMX HArpy3oK B dJleMeHTax KpaHa. IIpum »ToM jinTensHOCTH
MIEPEeXOHOTO PeXKMUMA JIBIKECHUS KpaHa B CPABHEHHH C ONTUMAJILHBIM 110 OBICTPOJICHCTBUIO YIIPABICHUEM YBEIHUUBACTCS
He3Ha4YuTeNnbHO. TakuMm 06pa3oM, IyTeM HECYIIECTBEHHOTO YBEIHUYCHHUS JIIUTEIBHOCTH IMKIIA MEepe/IBIKEHHs KpaHa (Ha
JICCSATKH J0JI€H CEKYHJIBI) JIOCTHTaeTCs YBEIMYCHHE JOJITOBEYHOCTH KPAHOBOH METaJUIOKOHCTPYKIIHMH, MEXaHHIECKHX
nepenad, IBUraTels, CHIOBOTO HHBEPTOPA U APYTHX HIEMEHTOB.

TTosyeHHbIe pe3ysIbTaThl LENeco00pa3HO UCIOIB30BaTh UL Pa3pabOTKU M MOACPHHU3ALMH CHCTEM YIPABICHHS JABHKCHHEM
IPY30IOABEMHBIX MAIINH, K KOTOPBIM MPEIBSBISIOTCS TPEOOBAHMS 3HAYUTEIBHOH MPOU3BOAUTENBHOCTH PabOTHI,
9HEPreTHIecKoi A((PEKTHBHOCTH M JOITOBEYHOCTH (HANpPHMEp, A KPaHOB, KOTOPHIE MHTCHCHBHO OSKCIUTYyaTHPYIOTCS B
MOPTax, Ha METAUTYPrUYeCKHX U MAIIMHOCTPOUTEIBHBIX IPEIPHATHSX, CTPOUTENIBHBIX IUIONIA/IKAX, CKIIANax).
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Introduction

Many lifting cranes operate in conditions of intense
cargo flows. For instance, such are the conditions for
portal gantries. In this case it is desirable to reduce the
cargo movement cycle duration. Therefore it is
reasonable to use an optimally quick crane movement
control system which is known to have a relay
characteristic [1-7]. This causes additional dynamic
loads and, as a result, reduces reliability of the lifting
machine [8]. To reduce the dynamic strain and not
jeopardize the crane performance it is required to
perform synthesis of crane movement quasioptimal
control.

Relevant study
and published research analysis

In order to identify optimal time of control for the
motion of crane with cargo on a flexible suspension it
is common to use the maximum principle [1-11],
which, however, provides only quantitative
information on the type of control function. To
identify points of time for switching the controlling
action (transition from maximal to minimal control),
R.P. Gerasimiak [1] and his successors [2-4]
solve sets of transcendental algebraic equations.
0.V. Grigorov [5], on top of that, takes into account
the limitations related with crane speed and
acceleration, as well as the loaded rope deviation from
vertical. In order to define the control switching
points, study [5] provides the analysis of phase
trajectories describing the oscillating movement of
load on a flexible suspension.

Study [12] researches the dynamic loads
occurring in elastic elements of the pillar crane
turning mechanism in the course of a time optimal
acceleration of the system. Based on the conducted
research, it is proposed to change the controlling
function (actuating moment) exponentially; the
influence of the exponent time constant on the
dynamic response factor of the machine. This
approach allows to significantly reduce the dynamic
stress of crane mechanisms.

The majority of international researchers dealing
with problems of lifting cranes movement optimal
control synthesis use linear quadratic regulator
synthesis methods [13-21]. The essence of this
approach is that the “crane-load” system is presented as
an object of regulation, whereby it is required to
achieve absence of load oscillation relative to the
suspension point. The research allowed formulating

optimal regulation laws for the crane mechanism
motion. Applying these laws it is possible to eliminate
load oscillations on the flexible suspension taking into
account the actual oscillation phase and minimize
undesirable characteristics of the system’s movement
presented as integral-type functionals with subintegral
quadratic functions.

The reviewed studies lack the solution of the
problem of optimal program control synthesis,
whereby it is possible to achieve significant time
efficiency of the “crane-load” system with
simultaneous reduction of dynamic loads in crane
elements. This problem is solved by the current
research.

Research objective and tasks definition

The research objective is synthesis and study of
time quasioptimal movement control of a crane
with load on flexible suspension. In order to
achieve this goal, following tasks have to be
solved: 1) perform synthesis of time quasioptimal
movement control of a crane with load on flexible
suspension; 2) study the movement dynamics
of crane with load on flexible suspension
in the course of time quasioptimal control
implementation.

Synthesis and study of time quasioptimal
movement control of a crane with load on
flexible suspension

1. Synthesis of time quasioptimal movement
control of a crane with load on flexible
suspension

In order to conduct the research, first let us
assume the dual-mass dynamic crane model with
load on flexible suspension depicted in Figure 1.

0 w F
<_ m, _>
!
< X »
-« >
Xa
P

Figure 1. Dynamic dual-mass model
of “crane-load” system

High frequency oscillation of the crane steel
structure and its actuators do not impact the low
frequency oscillations of the load on flexible
suspension. Therefor the model depicted in Figure 1
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is rather often used for the crane dynamic
calculations [22, 23].

Dynamic model shown in Figure 1 is described
by the system of differential equations

mX, + m,x, = F —Wsignx ;

(1)

X, +%(X2 -x,)=0,

where m; — forward motion reduced weight of the
crane and its actuator; m, — load weight; xi, x, —
center of mass coordinates for crane and load,
respectively; F — tractive or breaking force applied
to the crane; W — reduced crane movement
resistance force; g —acceleration of gravity; [ —
flexible suspension length. Let us assume that
during crane accelerating or braking movement its
speed does not reverse sign, i.e. signx, =1.

For further consideration, let us assume

optimal crane movement control as defined in [1,
3,5,6,8,10]:

F_,0<t<t;
E)pt: _Fmax9 tlgt< 1+ 2; (2’)
Fmax’ ZTI+~2St<t~]+~2+~3’

where 7., #,, £, — duration of the first, second and
third stages of crane acceleration, respectively, in
case of optimal control; Fy,,x — maximum actuating
force applied to the crane (in this research the
assumption is symmetry of control limit values, i.e.
maximum control is equal to minimum control
with opposite sign). “Crane-load” system control
implies that control function (1) has discontinuities —
step-like transitions from maximum to minimum
and vice versa. This feature results in stress of the
crane elements (shafts, unions, steel structure) and
increased power consumption. To reduce the
undesirable effects that occur with time optimal
control, it is modified [12], i.e. the system is
switched to quasioptimal control. However this
does not eliminate soft impacts in mechanical
gears, resulting in significant dynamic stress of the
crane elements. Obviously to decrease the dynamic
forces it is required to use a more smooth function
to control crane movement. To this end, the time
optimal control movement function F,, for crane
with load on flexible suspension shall be modified,
i.e. switched to a continuous function which
describes time quasioptimal control of the “crane-
load” system:

F_ t(t—2At
_Mz)’ 0Sl<At;
At
F AtSt<t1—At;

F . (t—=t)(t—t +2At)
- At?
Fmax (t — t])(t - tl — 2At)
At?
L+AtSt<t +t, - At

, L —At<t<t;

, L St<t + AL

-F

. Fo.(t—t, —t,)(t—t —t, +2At)

ant: max Atz ,
L+t A<t <ttt
_Enax(t_tl _tz)(t_tl _tz _2At)
At? ’
t+t, St<t 4+t + AL
Foos b+, +At<t<t +t,+t, - At;
_Fmax(t_t] _tz _t3)(t_t] _tz _t3 +2At)
AL’
L+ttt A<t <t +1, +1,

3)

s

where #,, t,, 3 — duration of the first, second and third
stages of crane acceleration, respectively, in case of
quasioptimal control; A¢ — duration of transition from
maximum value Fy.x to zero, which may vary
depending on the requirements to smoothness of

control change: when function F, smoothness of

opt
changing increases, At increases as well.

Let us describe some of the mathematical
properties of the function (3) that influence the
dynamics of the system movement. It is worth
mentioning that function (3) affords absolute

minimums to several integral and terminal
functionals:
t|+t2+t3
(E;t)2 dt = absmin = 0;
0
H—At i+t~ At
e s
J. (F‘apt) dt + j (Fo]n‘) dt +
At 4 +At
t+ty +t3—At
+ [ () dt=absmin=0; “4)
i+t +At

(F, (MDY =(F, (1, —AD)’ =
= (F,, (1, + AN = (F, (1, + 1, — A1)’ =

it
=(F,, (t +1, + AD)* =
=(F,

pt

(t, +t, +t, — At))* = absmin = 0.

The above functions (4) signify smooth change of
force in case of quasioptimal control implementation
for movement of crane with load on flexible
suspension, reducing the dynamic stress in the crane
elements.
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Optimal crane motion control should eliminate crane
oscillations at the point of time when it reaches the rated
speed. In order to achieve this goal, the following
conditions have to be true:

(1 .
{xl( 1 +t2 +t3) ‘.).r.at’ (5)
X(t +t, +1)=%(¢ +t,+1,) =0,

where vy, — rated speed of crane movement with
load at the end of acceleration. To find the crane
movement speed, as well as acceleration and load
drawing shock at the point of time ¢, + £, + #; it is
required to integrate the system of differential
equations (1) 9 times for each “piece” of function

F’ . At that, the initial conditions of the first stage

opt *
of “crane-load” system movement corresponding
to the first “piece” of F.

L function are assumed to
be equal to zero (movement of ‘“crane-load”
system from standstill condition is considered).
Generally for all stages of acceleration of the
dynamic system “crane-load” the initial conditions
of masses movements for the current stage are the
final condition for the masses movement on the
previous stage. The described calculations are
omitted since they are too voluminous for this
paper. As a result, the expressions of crane
movement speed were obtained, as well as
acceleration and load drawing shock at time point
t1 + 1 + 13, and the set of equations was formulated
(5). Thus, having found the unknown quantities ¢;,
t, and #; out of the set of transcendent equations
(5), it is possible to eliminate load oscillations in
the end of the crane acceleration.

The analytical solution of equation set (5) is
problematic. Therefore, the following function was
determined:

. 2
f=(x(t+t,+8)-v,,) +
FEI(t Al L) T (8 L+ ).

(6)

In order to find values of ¢, t, and £, at which
function (6) achieves its absolute minimum,
particle swarm method was used [24]. Its selection
can be explained by the simplicity of
algorithmization (which is especially important in
practical implementation of the formulated
quasioptimal control) and insensitivity to local
extremums of the studied function /. To solve the
equation set, 6 particles were used. The solution
was found in 10 iterations.

To illustrate the found time quasioptimal
control for movement of crane with load on
flexible suspension, Figure 2 shows graphic
dependencies.

In Figure 2, grey curves correspond to the known
control described by function (2), while the black
curves correspond to the time quasioptimal control (3).
Movement force in Figure 2, a is presented in relative
units received by way of dividing the values F,,, and

F;,, by Fma. All curves are built for the following

values: [ = 10 m, m; = 100 t; my = 50t Frax =
=100 kN; vx=12m/s; At=0.2s.

Analysis of curves displayed in Figure 2 shows that
crane movement quasioptimal control (3) is a smooth
function without discontinuity of the first and second
kind. The load oscillation amplitude is virtually equal in
both cases. (see Figure 2, b). In order to establish the

advantages of the found quasioptimal control F over

opt
the known F,,, let us perform a thorough analysis of the
crane movement dynamics.

Crane speed
o rane spees //

9, deg

t,s
05 1.0 |5 2§ 25 3.0 35

F,rel. un.; x,, m/s
¢, deg/s

Moving -2
7 force
-4
Figure 2. Crane movement dynamics curves at
acceleration: @ — moving force and crane speed; b — phase
portrait of load oscillation on flexible suspension

2. Crane dynamics analysis at quasioptimal
movement control.

Let us estimate the influence of quasioptimal
control on the movement dynamics of the crane
with load on flexible suspension. To do that, let us
consider a more detailed dynamic model of the
crane with load on flexible suspension, which
takes into account the elastic oscillations of the
crane span structure (Figure 3).

0 F

Figure 3. Dynamic three-mass model
of “crane-load” system
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Figure 3 introduces the following designations: ¢ —
reduced value of crane beams transversal elasticity;
b — reduced value of crane beams transversal
dissipation factor; mgy, m;, m, — forward motion
reduced weights of the crane, crane carriage and load,
respectively; xo, X1, X, — generalized coordinates of the
respective weights. The rest of the designations are
analogous to those established in Figure 1. The
dynamic model shown in Figure 3 allows estimating
the dynamic stress of crane steel structure and
establish the nature of high frequency oscillation
processes in the crane beam. Movement of the
dynamic model shown in Figure 3 is descried by a set
of differential equations

myX, +c(x, — x,) +b(x, — X,) = F — Wsignx ;

m, + mz%xl —x,) = (%, =) +b(%, — 1); (7)

X, +§(x2 -x,)=0.

One of the properties of the found quasioptimal
control of crane movement with load on flexible
suspension is that when Af increases, the time of
transitional processes increases too. Let us estimate the
corresponding changes of dynamic stress of the crane
beam. To do this, let us introduce a multiplicity index
for maximum force in the crane beam:

Foptimal

— max, beam (8)

quasioptimal
max, beam

where Fimed gy paasiovimad_ yalyes of maximum

max, beam max, beam

forces in the beam at optimal F,,; and quasioptimal

* . .
F,,, control, respectively. Moreover, we are going

to use the integral estimation index:

1 L+0,+0
e |y
I T+ fz + t3 0 (9)
1 H+ty+ ’
J. (Fl;]evtlz;s’zopnmal )2 dt
L+t +t

where F2"e o Flesrind — functions describing
the change of force in the crane beam at optimal
F,p and quasioptimal FO; control, respectively.
To assess the incremental acceleration time for
quasioptimal control let us introduce an index
AT =t +t, +t,—({, + 1, +1). (10)
Terminal index (8) allows estimating the
correlation between maximum forces in the crane
beam for different types of control of its

movement. The correlation between root mean
squares for them time of crane acceleration at
different types of movement control is estimated
with the use of index (9).

Figure 4 shows dependency graphs for indexes &,
I and AT on value of At, received by modeling of
crane movement with load on flexible suspension at
optimal F,,,, and quasioptimal F;, control.

35 °
£ 3.0
= |
£ o
=23 o = i
£ 20 i
T'315 * ¥ 3
< ]
s ] i
S 1.0 L] .
£ A
<05

A

0.05 0.10 0.15 0.20 0.25 0.30 0.35
At s

Figure 4. Dependency graphs for indexes
k(m), I (@)u AT (i) on At value

The analysis of the received graphic dependencies
allows making a conclusion: a significant decrease of
dynamic stress in the crane steel structure can be
achieved even with minor Az values. The calculations
of k, I and AT indexes are provided for maximum A¢
value = 0.35 s. A higher value will disagree with
quasioptimal mode of the crane motion. Thus, the crane
acceleration has to be performed at maximum A¢ value,
which will allow to significantly decrease the crane
dynamic stress and increase its service life.

The formulation of algorithms for maximum Az
value calculation at which quasioptimal control of the
crane movement is still possible is anticipated in
subsequent studies. Besides, the energy indicators of
crane movement in case of quasioptimal control are
still to be researched.

Summary

This paper provides a synthesis of time
quasioptimal law of movement control for crane
with load on flexible suspension, allowing to
reduce the dynamic stress carried by the crane steel
structure by 2.9-3.5 times. At that, the crane
acceleration (or breaking) time increases only by
0.24 s. Besides, the implementation of the found
crane movement control is not problematic in
terms of actuating, since the quasioptimal law is
described by a continuous function of time.

The obtained results are recommended for use in the
development of new and retrofit of the existing systems
for heavy duty span-type cranes movement control.

ISSN 2224-9923. Bectuux ITHUITY. I'eonorus. Hedrerazosoe u roproe geno. 2016. T.15, Ne20. C.286-292



ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, no.20. P.286-292 291

References

1. Gerasimiak R.P., Leshchov V.A. Analiz i sintez
kranovykh elektromekhanicheskikh sistem [Analysis and
synthesis of crane electromechanical systems]. Odessa:
SMIL, 2008, 192 p.

2. Logvinenko  K.S.  Povyshenie  kachestva
perekhodnykh  protsessov  slozhnykh elektromekha-
nicheskikh sistem kranovykh mekhanizmov [Improving
the transient processes’ quality in  complex
electromechanical systems of crane mechanisms]: avtoref.
dis. ... kand. tekhn. nauk. Odessa, 2003, 24 p.

3. Mel'nikova L.V.  Avtomatizatsiia  tekhno-
logicheskogo protsessa peremeshcheniia mekhanizma s
podveshennym gruzom sredstvami mikroprotsessornogo
upravleniia [Automation of technological process of
mechanism moving with a suspended load by means of the
microprocessor control]: dis. kand. tekhn. nauk:
05.09.03. Odessa, 2000, 116 p.

4. Busher V.V. Asinkhronnyi elektroprivod pod"emno-
transportnykh mekhanizmov s mikroprotsessorym upravlenim
[Asynchronous electric drive of lifting and transport mechanisms
with microprocessor control]: avtoref. dis. ... kand. tekhn. nauk:
05.09.03. Odessa, 1993, 16 p.

5. Grigorov O.V. Sovershenstvovanie rabochikh
kharakteristik kranovykh mekhanizmov [Improving the

performance of crane mechanisms]: dis. ... d-ra tekhn.
nauk: 05.05.05. Khar'kov, 1995, 386 p.
6. Smekhov A.A., Erofeev N.I. Optimal'noe

upravlenie pod"emno-transportnymi mashinami [Optimal
control of lifting and transport machinery]. Moscow:
Mashinostroenie, 1975, 239 p.

7. Poliakov L.N. Razrabotka i issledovanie
optimal'noi sistemy upravleniia elektroprivodom kranovoi
telezhki [Development and research of optimal motor
control system of the crane trolley]: avtoref dis. ... kand
tekhn. nauk: 05.09.03. Khar'kov, 1973, 23 p.

8. Chernous'’ko F.L., Akulenko
lov. B.N. Upravlenie kolebaniiami
management]. Moscow: Nauka, 1980, 384 p.

9. Zaitsev Tul. Issledovanie nestatsionarnykh
kolebanii i optimal'nye rezhimy raboty gruzopod"emnykh
mashin s postupatel'nymi dvizheniiami [Study of unsteady
fluctuations and optimal modes of operation of lifting
equipment with the translational motion]: dis. ... kand.
tekhn. nauk: 01.02.06. Khar'kov, 1981, 259 p.

10. Kuntze H.-B. Zur zeitoptimalen Steuerung und
Regelung von Laufrranen. Wissenschaftliche Zeitschrift
fiir Verkehrswesen, 1971, no.4, pp.973-990.

11. Braude V.I., Gokhberg M.M., Zviagin L.E. et al.
Ed. Gokhberg M.M. Spravochnik po kranam:
v 2 tomakh. Tom. 1: Kharakteristiki materialov i
nagruzok. Osnovy rascheta kranom, ikh privodov i
metallicheskikh konstruktsii [Handbook on cranes: in
2 vol. Vol. 1: Properties of materials and loads. Basis for

L.D., Soko-
[Fluctuations

crane, their drives and metal constructions calculation].
Moscow: Mashinostroenie, 1988, 536 p.

12. Naidenko E.V. Upravlenie asinkhronnym
elektroprivodom mekhanizma povorota s podveshennym
gruzom [Asynchronous electric drive's control of rotation
mechanism with a suspended load]: dis. ... kand. tekhn.
nauk: 05.09.03. Odessa, 2009, 149 p.

13. Ahmad M.A., Raja Ismail RM.T., Ramli M.S.,
Abdul Ghani N.M., Zawawi M.A. Optimal tracking with
sway suppression control for a gantry crane system.
European journal of scientific research, 2009, vol.33,
no.4, pp.630-641.

14. Ahmad M.A., Nasir A.N.K., Raja Ismail RM.T.,
Ramli M.S. Control schemes for input tracking and anti-
sway control of a gantry crane. Australian Journal of basic
and applied sciences, 2010, no.4 (8), pp.2280-2291.

15. Miyata N., Ukita T., Nishioka M., Monzen T.,
Toyohara T. Development of feedforward anti-sway
control for highly efficient and safety crane operation.
Mitsubishi Heavy Industries, Ltd. Technical Review, 2001,
vol.38, no.2, pp.73-77.

16. Yoshiaki O., Kono S., Uchida K., Fujii T.,
Monzen T. Development of vibration control system on
container crane girder. Mitsubishi Heavy Industries, Ltd.
Technical Review, 1997, vol. 34, no.3, pp.105-109.

17. Yoshida Y. Feedback control and time-optimal
control about overhead crane by visual servo and these
combination control. Intelligent Mechatronics. Rijeka,
2011, pp.103-118.

18. Tanaka S., Kouno S. Automatic measurement and
control of the attitude of crane lifters lifter-attitude
measurement and control. Control Engineering Practice,
1998, is.9, vol.6, pp.1099-1107. DOI: 10.1016/S0967-
0661(98)00104-X.

19. Konishi Y., Araki N., Tanaka Y., Ishigaki H.
Control of container crane by binary input using mixed
logical dynamical system. /CIC Express Letters, 2008, vol.2,
no.4, pp.415-419. DOI: 10.1109/ICCAS.2008.4694521.

20. Pauluk M., Korytowski A., Turnau A., Szymkat M.
Time optimal control of 3d crane. Krakow, 2002, 6 p.

21. Golafshani A.R. Modeling and optimal control of
tower crane motions: the thesis requirement for the degree
of Doctor of Philosophy in Electrical Engineering.
Ontario, 1999, 119 p.

22. Kazak S.A. Dinamika mostovykh kranov
[Dynamics of bridge cranes]. Moscow: Mashinostroenie,
1968, 331 p.

23. Lobov N.A. Dinamika gruzopod"emnykh kranov
[Dynamics of lifting cranes]. Moscow: Mashinostroenie,
1987, 160 p.

24. Kennedy J., Eberhart R.C. Particle swarm
optimization. Proceedings of IEEE International Conference
on Neural Networks. Perth, 1995, pp.1942-1948.

ISSN 2224-9923. Bectuux ITHUITY. I'eonorus. Hedrerazosoe u roproe geno. 2016. T.15, Ne20. C.286-292



292 ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, n0.20. P.286-292

Cnucok JiuTepaTypsl

1. T'epacumsix P.IL., Jlemép B.A. Ananu3 u cuHTe3
KpPaHOBBIX 3JEKTpoMexaHndeckux cucreM. — Opnecca:
CMMUIL, 2008. — 192 c.

2. Jlorsunenko K.C. IlinBHIIEHHS SKOCTI MEpeXiTHUX
NPOLECIB  CKJIQJHUX  EIEKTPOMEXaHIYHUX  CHCTEM
KpaHOBUX MEXaHi3MiB: aBToped auc. Ha 3700. CTyIl. KaH[.
TexH. HayK. — Onecca, 2003. — 24 c.

3. MensuukoBa JI.B. ABTOMarmzammsi  TE€XHO-
JIOTMYECKOro IIpollecca IEepeMElICHUs] MEXaHu3Ma ¢
MOJIBEIIIEHHBIM TPY30M CpEACTBAaMH MHKpO-
MIPOIIECCOPHOTO YTIPABICHUS: IUC. ... KaHJ. TEXH. HAYK:
05.09.03. — Opnecca, 2000. — 116 c.

4. bymep B.B. ACHHXpPOHHBI 3JIEKTPOIPHUBOX
MOEMHO-TPAHCIIOPTHBIX ~ MEXaHW3MOB C  MHKpO-
MIPOLIECCOPHBIM YIPABJIEHUEM: aBTOped. IHC. ... KaHJI.
texH. Hayk: 05.09.03. — Opxecca, 1993. — 16 c.

5. I'puropor O.B. CosepmieHCTBOBaHHE pPabOUNX
XapaKTepPUCTHK KPAHOBBIX MEXaHU3MOB: IHC. ... J-pa
TexH. Hayk: 05.05.05. — Xapskos, 1995. — 386 c.

6. CmexoB A.A., Epodees H.U. OnrumamsHOE
yIpaBieHuE IO0JBEMHO-TPAHCIIOPTHBIMA MallMHAMH. —
M.: MamuHocTpoenue, 1975. — 239 c.

7. TlonsxoB JILH. PaspaboTka w© wuCCleJOBaHHE
ONTUMAIIEHOW CHCTEMBI YIPABICHUS AIEKTPONPUBOIOM
KpPaHOBO# TeNeXKu: aBTOped AWC. ... KaHJI TEXH. HayK:
05.09.03. — Xapbkos, 1973. — 23 c.

8. UYepnoycrsko ®.JI., Axymenko JI.JI., Coxonos b.H.
VYnpasnenne konedanusimu. — M.: Hayxka, 1980. — 384 c.

9. 3aiie IO.M. HccremoBaHne HeCTalMOHAPHBIX
KoJIeOaHwMiA u OITAMAIBHBIE PEKUMBI paboTsI
TPY30IOIbEMHBIX MAIINH C MOCTYNaTeNbHBIMU JBKEHHUSMU:
JWC. ... KaH[. TexH. Hayk: 01.02.06. — Xapbkos, 1981. —259 c.

10. Kuntze H.-B. Zur zeitoptimalen Steuerung und
Regelung von Laufrranen // Wissenschaftliche Zeitschrift
fiir Verkehrswesen. — 1971. — Ne 4. — S. 973-990.

11. CopaBounuk mo kpaHam: B 2 1. T. 1:
XapaKTepuCTUKH MaTepHaioB © Harpy3ok. OCHOBEI
pacy€rta KpaHOB, ux IpUBOJAOB n METAJNIMYECKUX
koHctpykuuii / B.U. Bpayzne, M.M. I'ox6epr, U.E. 3psrun
[m nmp.]; mom. obm. pex. M.M. Toxbepra. — M.:
MamunocTtpoenue, 1988. — 536 c.

12. Haiinenko E.B. VYmpaBneHwe acHHXpOHHBIM
AIIEKTPOIIPUBOIOM MEXaHU3Ma MOBOPOTA C IOABEIICHHBIM
rpy3oM: auc. ... kanna. TexH. Hayk: 05.09.03. - Opgecca,
2009. — 149 c.

Please cite this article in English as:

13. Optimal tracking with sway suppression control
for a gantry crane system / M.A. Ahmad, R.M.T. Raja
Ismail, M.S. Ramli, N.M. Abdul Ghani, M.A. Zawawi //
European journal of scientific research. — 2009. — Vol. 33,
Ne 4. —-P. 630-641.

14. Control schemes for input tracking and anti-sway
control of a gantry crane / M.A. Ahmad, A.N.K. Nasir,
R.M.T. Raja Ismail, M.S. Ramli // Australian Journal of basic
and applied sciences. —2010. — Ne 4 (8). — P. 2280-2291.

15. Development of feedforward anti-sway control
for highly efficient and safety crane operation / N. Miyata,
T. Ukita, M. Nishioka, T.Monzen, T. Toyohara //
Mitsubishi Heavy Industries, Ltd. Technical Review. —
2001. - Vol. 38, Ne 2. — P. 73-77.

16. Development of vibration control system on
container crane girder / O. Yoshiaki, S. Kono, K. Uchida,
T. Fujii, T. Monzen // Mitsubishi Heavy Industries, Ltd.
Technical Review. — 1997. — Vol. 34, Ne 3. — P. 105-109.

17. Yoshida Y. Feedback control and time-optimal
control about overhead crane by visual servo and these
combination control // Intelligent Mechatronics. — Rijeka,
2011.—P. 103-118.

18. Tanaka S., Kouno S. Automatic measurement and
control of the attitude of crane lifters lifter-attitude
measurement and control / Control Engineering Practice. —
1998. — Is. 9, vol. 6. — P. 1099-1107. DOI: 10.1016/S0967-
0661(98)00104-X.

19. Control of container crane by binary input using
mixed logical dynamical system / Y. Konishi, N. Araki,
Y. Tanaka, H. Ishigaki // ICIC Express Letters. —
2008. — Vol. 2, Ne 4. - P.415419. DOI:
10.1109/ICCAS.2008.4694521.

20. Time optimal control of 3d crane / M. Pauluk,
A. Korytowski, A. Turnau, M. Szymkat. — Krakow, 2002. — 6 s.

21. Golafshani A.R. Modeling and optimal control of
tower crane motions: the thesis requirement for the degree
of Doctor of Philosophy in Electrical Engineering. —
Ontario, 1999. — 119 p.

22. Kazak C.A. JluHaMHKa MOCTOBBIX KpaHOB. — M.:
MammuHocTpoenue, 1968. — 331 c.

23. JloboB H.A. /[luHamMuka Tpy30IOIBEMHBIX
KpaHoB. — M.: MammnOcTpoenue, 1987. — 160 c.

24. Kennedy J., Eberhart R.C. Particle swarm
optimization // Proceedings of IEEE International Conference
on Neural Networks. Perth, 1995. — P. 1942—-1948.

Loveikin V.S., Romasevich Iu.A. Synthesis and study of quasioptimal quick acting movement control of lifting cranes with a load on
flexible suspension. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining, 2016, vol.15, no.20, pp.286-292.

DOI: 10.15593/2224-9923/2016.20.9

ITpocsba ccpuTaThCs Ha 3Ty CTaThIO B PYCCKOS3BIYHBIX HCTOUYHHUKAX CIEAYIONIM 00pa3oM:

Jloseiikun B.C., PomaceBnu IO.A. CuHTe3 M HCCieAOBaHME KBa3HONTHMAIBHOIO II0 OBICTPOJCHCTBUIO YIPABICHHS JBHKCHUEM
IPy30M0JbEMHOI0 KpaHa ¢ Ipy30M Ha ruOkoM mojsece / BecTHuk TlepMcKOro HallMOHaIBHOTO UCCIIEI0BATEILCKOTO MOJTUTEXHUYECKOTO
yauBepcurera. ['eonorus. Hedrerasosoe u ropaoe neno. —2016. — T.15, Ne20. — C.286-292. DOI: 10.15593/2224-9923/2016.20.9

ISSN 2224-9923. Bectuux ITHUITY. I'eonorus. Hedrerazosoe u roproe geno. 2016. T.15, Ne20. C.286-292



