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SUPPRESSION OF HORIZONTAL STRUCTURAL VIBRATION OF OVERHEAD CRANE
IN TRANSVERSAL DIRECTION GIVEN FIXED TROLLEY POSITION

Abstract. This paper presents the velocity control system design for overhead crane gantry drives, which allows the
suppression of elastic horizontal vibrations of its structure. A dual-channel velocity cascade control system with additional feedbacks
of velocity differences between gantry wheels and trolley was designed to suppress the elastic structure vibrations. The acquired
results of software simulation indicate that it is possible to achieve efficient vibrations cancellation of an overhead crane structure by
means of electric drive.
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TAIIEHUE I'OPU30OHTAJIBHBIX KOJIEBAHU KOHCTPYKIIMA MOCTOBOI'O KPAHA
B NONNEPEYHOM HANIPABJIEHUU ITPU ®PUKCUPOBAHHOM ITOJIOXKEHUU TEJEXKH

Annomauus. Buinonnen cunmes cucmemvi pe2yiupoganusi CKOPOCHU dIEKMPORPUBOO0E8 KOJLeC MOCHA MOCIOB020 KPAHd,
KOMOpas NO360J5em 2acumb ynpyaue 2opuU30HmManbHble KONe6anus e2o KOHempykyuu. Jis 2auerus 803HUKAIOWUX Ynpyaux Koieba-
HUIL UCNOTb308AHA OBYXKAHATILHAS CUCMEMA NOOYUHEHHO20 Pe2yIUPOBAHUsL CKOPOCTU C OONOTHUMETbHbIMU OOPAMHBIMU CEA3AMU NO
PA3ZHOCMAM CKOpOCmetll Konec Mocma u menedxcku. I1onyyennvie pe3yibmanivl MOOETUPOBAHUS CBUOEMENbCMBYION 0 803MONCHOCTIU
ahhexmuero2o eauenusn ynpyeux KoieOaHutl KOHCMPYKYuu MOCMo8020 KPaAHa CPpedCmeamu 31eKmponpugood.

Knioueewie cnosa: snexkmponpusod, mocmogou Kpam, ynpyaue KoieOanus, 2auienue Korebanutl, NOOYUHEHHOe Pe2yiuposa-
Hue, Menmoo KOHEUHbIX /IeMEeHMO8

O. I. Tono4ko, A-p TEXH. HAyK,
A. B. BaxxyTin

TACIHHS TOPU3OHTAJBHUX KOJIUBAHb KOHCTPYKIIII MOCTOBOI'O KPAHA
Y HONEPEYHOMY HANPAMKY I YAC ®IKCOBAHOI'O TIOJIOKEHHS BI3KA

Anomayin. Cunmesosano cucmemy pezynogants WEUOKOCMI eleKmponpusoodié Koic MOCHA MOCHOB020 KDAHA, KA 0ae
3MO2y 2acumu NPYIHCHI 20pU3OHMANLHI KOTUBAHHA 1020 KOHCMPYKYii. [na 2acinHA NpyjtCHUX KOAUBAMb, AKI GUHUKIU, BUKOPUCTAHO
O0BOKAHALHY cuUcmeMy NiOnopsaoK08aAHO20 Pe2yit08aHHs 3 000AMKOSUMU 360POMHUMU 38 SI3KAMU 30 PISHUYAMU WEUOKOCTEll KOiC
mMocma i eizka. Ooepoicani pe3yibmamu MOOeNo8AHHA CEIOYEHb NPO MOJICTUBICING epeKMUBHO20 2ACIHHA NPYICHUX KONUBAHD
KOHCMPYKYIi MOCIMO0B020 KpaHa 3acobamu enekmponpugood.

Knrwwuosi cnosa: enexmponpueod, mocmosuii kpai, RpysicHi KOIUSAKHS, 2ACIHHA KOAUGAHb, NIONOPAOKOBAHE Pe2yO8aHHs,
Memoo KiHYesUx eleMeHmie

Introduction stresses and reduces the lifespan of the crane
The main problem actively discussed in the due to the fatigue processes.
literature concerning the cranes is the anti-swing Investigating the elastic vibrations of crane

control, that is, cancellation of payload swing constructions has become the state of the art in
motion. Many different approaches have been the control engineering during the last years.
developed and verified in the past, some of the The main problem with it remains the way to es-
modern ones even consider the cable elasticity tablish an adequate and simple mathematical
[1 - 5]. At the same time the crane structure is model, since the elastic deformations of me-
considered to be rigid, which means it cannot be chanical structures with distributed parameters,
deformed by any external or internal force. Yet like crane constructions, are described with par-
recent tendencies of increasing the crane dimen- tial differential equations, which are commonly
sions lead to increase of structural vibrations. In  solved via mesh or finite-element method, thus
[6] it is shown, that for overhead cranes with obtaining the deformation values at different
long gantries the vibration magnitudes in gantry  points. The finite-element method is used for
© Tolochko O., Bazhutin D., 2013 analys_is of v_ertical elastic vibra’gions of a g_antry

crane including the payload swing dynamics in
[7]. The analysis of structural vibrations of a
ship-to-shore container crane in the direction of
trolley motion was carried out in [8, 9]. [10]

travel direction are of several centimeters value,
which leads to an increase of mechanical
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Presents the experimental study of gantry stage m, =mg, +0,25m

elastic vibrations, which is considered to be a )

special case of overhead crane, containing elas-
tic couplings between linear drives and gantry
itself. Nevertheless, the overhead cranes did not
receive much attention in terms of the analysis
of horizontal structural vibrations, despite being
widely implemented in various branches of in-
dustry. This makes up the actuality of per-
formed research, presented in this paper.

In [11] it is shown, that the natural frequen-
cies of structural vibrations of an overhead
crane lies within the range of 1,5...8 Hz, which
allows to implement various measures to sup-
press them by means of electric drive, since they
lie within the passband of typical drive systems.

Due to the complexity of plant mathemati-
cal model the control systems are typically de-
signed for a simplified linear plant model, usu-
ally presented as a multi-mass system. Such ap-
proach can be implemented by replacing the dis-
tributed parameters, namely mass and stiffness,
with the lumped ones. In [12] a linear mathe-
matical model of an overhead crane with the
trolley fixed in the middle of the gantry was de-
veloped. Considering the wheels masses and
stiffness factors of both gantry halves being
equal the overhead crane with trolley is con-
verted into a two-mass system, with the wheels
merged into one mass.

The deformation analysis of the loaded
beam hinged at both ends is the basis for pa-
rameter estimation for such system. For this
case both distributed and lumped parameter
models have the same natural frequencies, if
point load at the center of the beam is increased
by 17/35=0,5 of the beam mass.

The adequacy of the developed lumped pa-
rameter model was investigated in Comsol Mul-
tiphysics simulation software, which is based on
finite-element method, by comparing the simu-
lation results of both models. It was ascertained,
that the vibrations amplitudes of lumped masses
in a two-mass model would match the vibration
amplitude of corresponding points on a finite-
element model with the least deviation when the
following conditions are satisfied:

15

m, =m, +0,5m
m, =mg+0,25m

where m.1 3 — lumped masses of the first and se-
cond supports respectively, both of them con-
taining the masses of wheels, electric drives and
end girders; m, — distributed mass of gantry
main girders; m.r — lumped trolley mass. The
stiffness factor of the single elastic coupling
present in this model can be computed knowing
the lumped masses values and the frequency of
elastic vibrations.

A case with the trolley fixed in any other
position on the gantry, as shown in Fig.1, where
the following notations are taken: vi, vy, vz —
linear velocities of the points, where the lumped
masses mz, my, ms respectively are allocated; F,
Fs — linear forces equivalent to the drive motor
torques; | — distance from end girder to the trol-
ley; L — crane span, appears to be much more
challenging. In this case the gantry with the trol-
ley can be presented as a three-mass mechanical
system, the kinematic scheme of which is
shown in Fig. 2 with the corresponding block
diagram presented in Fig. 3, where Fi,, F3, de-
note the elastic forces of lumped masses interac-
tion. In order to simplify the obtained model so
that it is linear the friction in lumped masses is
neglected.

The mass distribution and stiffness factors
to the left of the trolley c¢i> and to its right cs;
can be treated as unknown functions of trolley
position. Deriving these functions on the basis
of beam vibrations analysis is complicated, but
it can be estimated numerically for definite trol-
ley positions and interpolated afterwards, as
shown in [13]. In that article the analysis was
carried out in Comsol Muliphysics simulation
software in order to obtain both vibration ampli-
tudes and frequencies.

The suppression of elastic vibrations in
two-mass systems has been a widely discussed
problem for a long time, which resulted in a
large number of published works on this topic,
e.g. [14 - 17].
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Fig. 2. Kinematic scheme of the tree-mass system

One of the most widespread vibration sup-
pression techniques for such systems is the de-
sign of cascade control systems with additional
feedbacks of elastic torque or velocity differ-
ence between lumped masses. The goal of the
controller synthesis is to estimate the controller
and feedback gains so that effective vibration
suppression occurs. Yet the parametric synthesis
of cascade control systems with mentioned
structure for the three-mass plant, shown in
Fig.3, has not been carried out before.

The aim of this paper is to design a coupled
dual-channel wheel velocity control system, in
order to suppress the horizontal elastic vibra-
tions of overhead crane gantry in transversal di-
rection without inducing a sufficient gantry
crabbing, using a simplified linear model of its
mechanical structure

Plant analysis

16

Fig. 3. Block diagram of the three-mass system

The first step of control system design
would be the plant analysis. The characteristic
polynomial corresponding to the model shown
in Fig. 3 can be written as follows:

G(s)=s*+(Q%, +Q5,,)s* +Q3. =

, 2
=(s°+Q2)(s*+Q?) @)
with
QlZa — C12 (Eilr: mz) ’
“ i (3)

Q _ C32 (m3 + mz)
32a '
V m3m2

— natural frequencies of elastic vibrations in au-
tonomous two-mass systems with lumped mass-
es m;-m; and mz-my, as shown in Fig. 3;
Qs =4 C12Cgp (Mg +My +Mg)
m;myms
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=1Q15Q3 , (4)

— geometric average root of characteristic poly-
nomial of the three-mass system under study;

Q3 = \/

— natural frequencies of elastic vibrations in a
three-mass system.

The transfer functions from the input forces
to the dynamic force acting on the second
lumped mass can be written as follows:

Fio(s) Qg m,

Qb + %) £4(Qha + 0%a)° 404 , (5)
2

= —2 . (T2s% +1),
F(s) G(s) mg ©)
L(S) :Qig?).&.(legz +1),
F(s) G(s) m,
with
My =My +M, +My; (7
m
'|'32 :73:%, 12 :ﬂ_%. (8)
C32 3 Cio  QF

Analysis of the conventional dualchannel
velocity cascade control system

Using the approximate linear plant model a
control system synthesis can be carried out in

..........

order to shape system responses with respect to
desired performance.

In the simplest case the control of the gan-
try wheel drives is implemented in form of ve-
locity cascade control system shown in Fig. 4
without additional feedbacks (dotted lines).

In Fig. 4 the motor current (force or torque)
control loops MCL1 and MCL3 are presented in
a simplified form as first order lag elements
with small time constants 7;. The simulation re-
sults for such system with the trolley allocated
at the distance of 1=8 m from the left end
girder, where the lumped mass m; is assumed to

be, with the overall crane span L =20 m are
presented in Fig. 5. The velocity controllers
VC1 and VC3 in this case were designed with-
out taking into consideration the influence of
elastic couplings between the masses, which
makes the integration time constants of the ve-
locity control loops T4 =T, =2T, with
T, =4ms.

The time responses show slow damping of
force and velocity vibrations, meaning unac-
ceptable performance. One of the possible ap-
proaches to improve the system behavior is to
reduce the velocity controller gain for both
drives.

ki
vCl1 MCL1
V2 m ! Vi
Ta Trs+1
VC3 MCL3
my | | 1 |R Fis | 1 |vg
Tes Trs+1 MgS
[

..........

Fig. 4. Block diagram of velocity cascade control system for a three-mass plant
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Fig. 5. Simulation results of a conventional ve-
locity cascade control system designed without

taking into consideration the structure elasticity:

(a) — velocities of lumped masses; (b) — driving
forces; (c) — elastic forces
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The new values of velocity controller time
constants can be calculated to satisfy the magni-
tude optimum criterion. The technique de-
scribed in [18] is used for parametric synthesis
of the system shown in Fig. 4 assuming
ki = ks, =0. A transfer function of the system
from the reference velocity to the velocity of the
second lumped mass is required in this case. As
shown in [15, 18], considering very small re-
sponse time of the current loop its lag can be
neglected when deriving this transfer function
(T, =0). It can then be written as follows:

2
Va(s) _ P2s” +P1S+Po

with

, (12)

1

[

m,

C12
Tcl

c
+ 232

By =
Tc3

_ G0 +Cs (12)

Py ,

mZTcch3

[ 1
Tclm3

1

+ )
TcS

ocS:le+Q§+Q§+

1

By = C12C32
Tc3 my

m,

J

clTCS , (13)
2
32a

Tcl
4
ag =B1 +Qqs,

ag =Bo;

2
Q
4 c12a

oy =Py + ;
TcS

C12 Ca2
my m; my

For the obtained transfer function we then
compose the equations system that ensures the
fulfillment of magnitude optimum conditions
[19, 20].

In order to estimate the unknown time cons-
tants T, T3 a system of two equations with

two unknown parameters is to be solved:
alz — 20,0, = Blz —2BB,,
a5 — 201,00, + 201,00, = B
Explicit solution of such system is very
complicated and could be the topic of future re-
searches. In our case, the numerical approaches
were used, thus giving us the desired values of
velocity controllers’ time constants, which re-
sulted in the responses presented in Fig. 6.

Cio _CptC3p

Q2="12 2_=% - . (14)

(15)
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Fig. 6. Simulation results of a conventional
velocity cascade control system designed with
taking into consideration the structure elasticity

for magnitude optimum criterion:
(a) — velocities of lumped masses; (b) — driving
forces; (c) — elastic forces
The simulation results show that, as in the
case of two-mass systems, without the addi-

19

tional feedbacks of velocity differences the am-
plitudes and settling time of elastic vibrations
cannot be reduced sufficiently. Therefore a ve-
locity cascade control system with additional
feedbacks should be investigated.

Design and analysis of a dual-channel ve-
locity cascade control system with additional
feedbacks of velocity differences between the
lumped masses

We use the same approach as previously,
thus assuring the magnitude optimum criterion
to be fulfilled for our system. The transfer func-
tion (11) will have following expressions for the
numerator and denominator coefficients:

B, = 1((;12+ C32Jl
my(Ta T (16)
B _Cip (A + kg )+ Cyp(d+kyp)
! myTTe l
CpC 1 1
B, = S12Ca (T + J;
m, aMg  Tgmy
o, = + 1
! Al Tﬁ3
a, =02 +02+0%+ L : (17)
[
2 2
a2:B2+Q32a+ 12a
Tﬁl Tﬁ3
oy =By + Q.

o, =B

The synthesis is performed in much the
same way as previously, but there will be four
unknown parameters to determine (T., T3,

ki, Ks,) and therefore a system of four equa-

tions is composed and solved numerically due to
its complexity:

af —20q0, =Bf ~2BoP2,
a§—2a1a3+2a0a4=[3§, (18)
a% —20,04 +2a4 =0,
aj —205 =0.

The simulation results of the designed ve-
locity cascade control system with |1=8 m are
shown in Fig. 7. They confirm the efficiency of
the proposed approach in terms of vibrations
suppression at discussed points.
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Fig. 7. Simulation results of a cascade control
system designed in terms of magnitude opti-
mum with additional feedbacks:

(a) — velocities of lumped masses;

(b) — driving forces; (c) — elastic forces

A set of simulations has been performed in
Comsol Multiphysics simulation environment un-
der the effect of force time diagrams shown in
Fig.7, b, which confirmed the viability of the pro-

20

posed technique of vibrations suppression for an
overhead crane structure.

Conclusions

1. Designing a velocity cascade control sys-
tem without additional feedbacks does cannot re-
sult in effective vibrations suppression.

2. Reducing the velocity controllers’ gains
lead to insufficient improvement of vibration sup-
pression efficiency

3. Velocity cascade control system with addi-
tional feedbacks of velocity differences is able to
effectively suppress elastic vibrations albeit with
increased overshoot in total elastic force and ve-
locities time responses. The main advantage of
such system would be its simple implementation
since all fed back signal are directly measurable.

4. Proposed control systems with constant pa-
rameters can be used for vibrations suppression
only at given fixed trolley position. An adaptive
automatic control system can be considered and
designed being able to suppress the induced elas-
tic vibrations with the trolley moving along the
crane gantry.
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