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Abstract

The article dwells upon the results of study influence shape of path of load’s motion which
given with using the sigmoidal functions of traversing single obstacle on the arc with
suppression of load’s oscillations to the acceleration of the bridge crane's drive. The possibility
of a simultaneous significant reduction of the maximum speed, maximum and average values of
acceleration, absolute error of the load position and the full work of the drive of one of the
controlled axes of the overhead crane by changing the sigmoidal functions parameters that are
produced changes in curvature of the arc for a fixed traveling time.

Keywords: bridge crane, PID-regulation, sigmoid functions, acceleration of suspension drive,
load, oscillation suppression.

1. Introduction

For the bridge crane (BC) which have a flexible rope suspension of the load, a serious problem
are uncontrolled load oscillations at movement, which significantly reduces the accuracy and
the efficiency of implementing works. Optimization of the trajectory of transferring point of
load suspension located on the load trolley BC, which is reduced optimization of the process
controlling the bridge and trolley’s drive mechanisms is one of the possible ways to solve this
problem (Blackburn et al. 2010; Denisenko 2007). There was proposed to use proportional-
integral-differential (PID) independently control by two controlled coordinates of the bridge
and load trolley (Denisenko 2007; Koritov et al. 2004).

According to the proposed diagram (Fig. 1), with using packet burst of the mathematical
modeling package of mechanical systems SimMechanics Second Generation MATLAB, model
of the BC mechanical system with PID-control, allows us to study the bridge crane’s operating
modes on the engineering stage, was developed (Korytov, Zyryanova 2004; Mitchell 1997;
Shcherbakov et al. 2012; Shcherbakov et al. 2014; Shcherbakov et al. 2015; Shcherbakov et al.
2014a; Shcherbakov et al. 2014b).



58 B. Prajwal et al.: Modelling, simulation and validation of results with different car models ...

Implementation of smoothed path of motion specified type without high-frequency oscillations
(wobble) of both the cargo and the point of suspension - possible with using PID-regulation,
and at relatively low values of acceleration developed by the point of suspension.
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Fig. 1. Diagram of connections of model of mechanical subsystem of the bridge crane with
PID-regulators

The conducted preliminary studies allowed to the conclusion of those using sigmoid functions
for setting required time dependencies of the horizontal coordinates of a cargo at traversing
(load bypass) single obstacle of a "wall" type, can significantly reduce or eliminate high-
frequency oscillations not only of linear coordinate of cargo and of suspension, but the
oscillations of velocities and accelerations of the suspension point in comparison with other
methods of setting required trajectory of load movement (for example, using trigonometric
sinusoidal time or coordinate functions or using consistent integration of graded jerk’s
functions). At the same time, there is a significant decrease of the absolute values of
acceleration of the suspension point, which become comparable with accelerations of load at the
required ideal smooth trajectory.

2. Fundamental relations

A series of computational experiments on a simulation model was conducted for study complex
BC dynamic system’s performance with PID regulators. As an example given the results of
modeling the process of load bypass of a single obstacle of a "wall" type on a levelled trajectory
assigned by horizontal coordinates Xo, Zo space in a fixed Cartesian coordinate system OgXoYoZy
by logistic sigmoid time functions of the form (Shcherbakov et al. 2015; Tolochko, Bazhutin
2010):

Xp(tac)=1,/0+e ), (1)

ZTR (t’ a'.l.' cl’ a'2 ’ C2 ) = (SX : kSX )/((1+ e_all(t_Q)). (1+ e_az.(t_%))); (2)
Y., =const, (3)
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where t - time; Xtr, Z1r - the required coordinates of load in the horizontal plane at time
moment t; Yz - the required constant vertical coordinate of cargo; a, ¢, aj, C1, a, C; -
parameters of sigmoid functions; I, - the length of the movement along the axis X, between
starting and ending points of the required load trajectory (this points have zero coordinate Z =
0); s« - value of maximum arc’s displacement of the required trajectory of load along the axis Z,
(laterally to avoid obstacles); ks - the correction coefficient of maximum value of the lateral
displacement,

Ky = (1+e72%). (L4 eole)), @)

Function (2) is the product of two sigmoid functions of the type (1) - increasing and
decreasing with different time of inflection’s points. The parameters c, c;, c, set the time of
inflection’s points of sigmoid functions, and parameters a, aj, a, - the rate of change (the rate of
growth or decline is determined by the sign) of functions [8].

It has been hypothesized that a slight change in the shape of load’s path of motion when it
bypass a single obstacle by changing the relevant parameters of sigmoidal functions while
maintaining a constant value of the travelling time may cause a significant decrease in the mean
values of velocities and accelerations of the suspension point. l.e. open the reserves to reduce
the requirements for the dynamic characteristics of the BC’s drive through using of sigmoidal
functions of specifying load’s path of motion with PID-regulators, which provide reduction of
high-frequency load’s oscillations (Shcherbakov et al. 2015).

During a series of considered experiments, for changing the trajectory shape there was
varied the parameter k,4 - accepted coefficient of relative distance from each other of two
multiplied simple sigmoid functions in terms (2).

The conditional time of moving suspension point of the load Tp, which, according to the
results of the research, is entered in the limits Tp = 1,33333-Tgg, takes a fixed value Tp = 30 s,
where Tgg - conditional time of the load’s movement.

At using threshold value of the sigmoid function P = 0,999, at achievement of which a
given load’s movement was considered complete, the parameters of the sigmoid function (1)
were determined by Shcherbakov et al. 2015

a=I(P -1)/(-Ter/2); C=2-Tee/2,. (5)
where Tgr=0,75Tp.

Parameters of function (2) were initialized by the following dependencies (Shcherbakov et
al. 2015)

a =a, a,=-4a, Cl:C_kud'TGR’ 02:C+kud'TGR' (6)

Proportional coefficient, integral and differential constants of PID-regulators of controlling
drives of the bridge and trolley’s movement in this task were possessed the values: P = 20; | =
5; D = 5 correspondently (Shcherbakov et al. 2015).

kuq parameter was varied from 0,1 to 0,4, which caused a corresponding change of shaped
and curvature of predetermined load path of motion (Shcherbakov et al. 2015). In the Fig. 2, as
an example shows implementation of two realizations the assignments a desired trajectory (1) -
(6) for the values k4 = 0,1, kyq = 0,3 and kyq = 0,4. With k,q increase of 0,1 to 0,3 the maximum

acceleration by the trolley coordinates Z, reduced about 2 times, when accelerations of the

bridge are constant. The shape of required curve of load movement also changed with
increasing kg, approaching to the rectangular, but, it is not significant and doesn't impose
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additional restrictions when bypass a single obstacle of a "wall" type in the absence of other
obstacles in the workspace. When k,q increases the trajectory curve of the suspension point path
of motion more away from the axis of fixed coordinate system OgX,, that allows doing the
bypass by the load of a single obstacle of a "wall" type largest size with a lower acceleration (in
the direction of the axis OyZg). Fig. 2 shows that becomes possible an increase in the thickness
of the "wall" (its size on axis OyXo).
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Fig. 2. Diagrams of Cartesian coordinates of the load center’s point and the suspension point (a)
and acceleration of the suspension point (b) at realization of traversing single obstacle with the
use of PID-regulation (example)

BC parameters and its working process have the following values: the load cable length 12 m;
the magnitude of the required movement of the load along the axis OgX, - 10 m; the magnitude
of lateral displacement for obstacles’ bypass along the axis OpZ, - 5 m; the mass of the bridge -
3500 kg; the mass of the load trolley - 1250 kg; load weight - 100 kg; the presented coefficients
of decrement by the angular coordinates of deviations of the load cable from the vertical in two
mutually perpendicular planes - 100 N-m-s/rad (Shcherbakov et al. 2015).

On Fig. 3 shows graphs of some parameters that characterize the BC’s working process
depending on the value of the coefficient kyq. As an example there are presented obtained during
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the described series of computational experiments: the absolute movements of the bridge and
load trolley correspondingly (at the realization of the specified trajectory) lpians, Ipoanss M; the
maximum velocities of the bridge and load trolley ’s movements Vimax, Vomax, M/ S; the average
velocities of the bridge and load trolley’s movements Vimean, Vomean, M / S; the maximum
accelerations of the bridge and load trolley’s movements aima, @mae, M/S% the average
accelerations of the bridge and load trolley ’s movements a@imean, @2means M / s% the maximum
absolute error of the trajectory’s realization Anmay; the average absolute error of realization of the
trajectory Ama, m; the work, implemented by the drive of the bridge A;, J; the work,
implemented by the drive of the load trolley cart A,, J; the total work of the drives Aj, J.
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Fig. 3. The indices for assessing the working process of the bridge crane depending on
parameter of setting the sigmoidal function k4, which determines the shape of an arc given
trajectory (example)
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The measuring sensors, in the form of additional information outlets embedded in blocks of
mechanical joints SimMechanics Second Generation measuring movements and velocities by
the individual degrees of joints’ freedom were used during the working process for giving the
values of the above parameters (Shcherbakov et al. 2015).

3. Conclusions

Analysis of the dependences shown in Fig. 3 allows us to conclude that increasing in the
coefficient k4, approximating the shape of the desired path to the rectangular, makes it possible
to reduce the requirement imposed on speed of the bridge and load trolley’s drives. The
maximum and average values of acceleration, maximum speed, total work performed by the
drives reduces of 3 to 50 % during simultaneous increasing the accuracy of load’s movements.
On the 18 % reduced the maximum absolute error of the trajectory’s realization Anq. At the
same time, the average velocity movement of the trolleys suspension point Vomean Slightly (on 14
%) increases.

The regression dependence of all indicators of evaluates the overhead crane workflows that
shown in Fig. 3 on the value of the coefficient k4 in the studied range from 0,1 to 0,4 were
obtained:

lp10s=10 M;
lp o= —18,7706 -k, +77 3365k ,° — 719992 -k ,*+26122 -k ,+6 5708 m;
V) = —0,60016 -k , *+0,65178 -k ,° —0,25014 -k ,*+0,03901- k ,+11802 m/s;
Vo= —017528-k ,* —6,70079 -k ,°*+783320 -k ,* —310898 -k ,+1,01893 m/s;
=0,33099 m/s;

Vlmean

Vomear= — 300416 -k, “+4,21564 -k ,° — 2 86223 -k ,°+0,92362 -k ,+0,21466 m/s;
a,,,,=0,26549 m/s*;
Bye= — 328,418k, *+343,463-k ,° —123348 -k ,°+16,6402 -k , —0,36915 m/s?;
8,0, =0,0940 -k ,* —010116 -k ,°+0,02237 -k, >+0,00049 - k ,+0,07744 m/s?;
o= —1,62085-k , “+0,39144 -k ,*+0,59559 -k ,* —0,34147 -k ,+012801 m/s?;
A,,=258032-k,,* —3,04095 -k ,°+135664 -k ° —0,27596-k,,+0,04632 m;
A = —096905-k ,“+0,88317 -k ,° —0,22702 -k , °+0,00647 - k ,+0,01071 m;
A, = 43480869 J;

A,=-9980142 83k, “+1335948392 -k, — 62926654 -k ,*+1141005,06 -k ,+17141359 J;

A,=-10001534,7 -k, *+13379707,49-k ,* — 6296730 31k , *+114065148- k ,+606222,28 J. (7)
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The most significant (up to 50 %) reduced the required maximum acceleration of the
trolley BC asmax, When changing the shape of the desired path of elliptical to the rectangular,
which opens the possibility of using the more economy drive in this case for the load trolley.

Besides, approach of the set trajectory to rectangular (in consider experiment the limit of
increase in kg making 0,4) allowed to increase the sizes of a conditional obstacle both along an
axis of OgXo, and along an axis of OgZ,. At the same time the further increase in kyy led to
gradual increase of an average error of realization of a trajectory Ana at stabilization of values
of aymax- Proceeding from it, the methodology of a choice of a reference trajectory of moving of
cargo for detour of an individual obstacle consisted in maximization of value of factor of kg
(kyg—max) at performance of the set restriction on Apa. Parameters of overall dimensions I,
and s, of the required trajectory was thus determined by technology of work, in particular, I, -
coordinates of initial and final points of moving of cargo. s, are offered to be accept equal to the
size of an obstacle of Zr along an axis of OyZy with addition of the amendment on an error of
realization who are expedient for set within 0,5 ... 1 m:

s, =Z,+(05...) (8)

The original contribution of authors consisted in working out of mathematical model of BC
with PID-regulators (see. Fig. 1). For the first time it is offered to use PID-regulators for
synthesis of an optimum trajectory of movement of a point of the suspension of cargo without
rocking in a mode of real time. Also the idea of use for the task of a reference trajectory of
movement of cargo on the flexible suspension of sigmoid function (moving of the bridge) and
products two sigmoid of functions (moving of the cargo cart) are original.

Have a certain novelty the findings that the form of the set trajectory for detour by cargo of
the individual obstacle, set in the factor k,, allowed to significantly reduces the maximum
acceleration of the BC suspension point.

These relationships can be used for multi-criteria optimization of BCs workflow with the
application of the above particular criteria of accuracy, speed drive, the size of the obstacles,
etc.
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CMmameme yOp3amba MOTOpPa KOJ MOCHHMX JHM3a/IMIa NMPABHWJIHUM H300poM
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Pe3ume

VY pany ce pazmarpajy pe3yiTaTd CTyAuje YTHIaja 00Jiuka KpuBe onrepeherma Mpu KpeTamy
Koja ce nobuja kopumhemeM curMOoMAHUX (QyHKIHMja MpH npedanuBamy jeJHOT 00jeKTa JTyX
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MyTame ca IMpHUrylielkeM ocuuwianuja ontepehema NpoMeHOM yOp3ama MOroHa MOCHE
nu3anuie. Moryhum HCTOBpEMEHHM CMambemheM MaKCUMalHe Op3HHE, MAaKCHMAJIHE U CPEIlhe
BPEIHOCTH YOp3ama, aricoJyTHE TPEIKe MO3UIIMOHUPamha TepeTa U YKYITHOT pajia Mo jeIHOj O
KOHTPOJIUCAHUX 0Ca MOCHE TH3aIHUIIe TPOMEHOM CHTMOM/IHUX MapaMerapa GyHKIHje Memba ce
KpuBa ontepehiera TOKOM (PUKCHOT BpeMeHa KpeTaba.

Kibyune peum: mocHa musammna, [IAJ] perymanmja, curmommHe ¢QyHKIMje, yOp3ame
MPHUTYIICHA MOTOPA, MPUTYIICHE OCIHIIAIIN]A.
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