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An improved zero vibration method
and parameter sensitivity analysis for
the swing control of bridge-type grab
ship unloader

Yong Zhou''?, Xinyuan Zhang', Zhenzhen Yu', Dingena Schott?
and Gabriel Lodewijks'?

Abstract

This paper presents an improved zero vibration method for the swing control of bridge-type grab ship unloader. With
the method, the concepts of equivalent frequency and the equivalent damping ratio are proposed to cope with the
changeable length of rope, and the optimal path planning is considered to avoid collision and improve efficiency.
Numerical simulation results of a case study indicate that the maximum residual swing angle of the grab can be limited
to a small range to ensure safety using the improved zero vibration method, whereas the traditional zero vibration
method with average frequency and zero damping ratio gets poor results of swing control. After that, the sensitivities of
the max residual swing angle to the changes of some main design parameters (damping coefficient, deviation of the center
of gravity of the grab in rope direction, and time delay of the system) and operating parameters (position deviation of the
trolley, initial length deviation of the rope, and initial swing angle) are analyzed. The results obtained display that the
residual swing angle is sensitive to the deviation of grab’s center of gravity, the deviation of trolley’s position, and the initial
swing angle under the same control parameters, but insensitive to the damping coefficient, the time delay of the system,
and the initial length deviation of the rope. This can help to select the appropriate parameter values or adaptive range in
an actual unloader.
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Introduction

Input-shaping methods are an important part of
theory and application for the control of flexible
dynamic systems. The major advantage of the
methods is that they do not require sensors, although
sensors can be used sometimes to improve perform-
ance. Another strength of input shaping is that it acts
to suppress vibration in a feedforward way that is
faster than anything possible with feedback control.'

Cranes that use cables to lift and transport the pay-
load are typical flexible dynamic systems. The residual
oscillation of the payload could affect the work effi-
ciency and even the safety. Many researchers have
devoted their efforts to the research of input-shaping
techniques on cranes. Singer et al.” presented a fixed
duration shapers to reduce residual oscillations of
gantry cranes. Singhose et al.** evaluated several ver-
sions of input shapers and compared them with time-
optimal rigid-body commands over a wide range of
parameters for the control of planar gantry cranes.

Hong et al’ investigated a modified command
shaping control to reduce residual vibrations at a
target position and to limit the sway angle of the pay-
load during traveling of the trolley of the container
cranes. Blackburn et al.*” proposed a novel command
shaping algorithm for reducing vibration for the non-
linear slewing motions of the tower crane. Khalid
et al.® studied the performance of human operators
using input-shaping controller on a large bridge
crane. Ngo et al.” investigated a combination of com-
mand shaping and bang/off-bang control scheme for
container cranes. Veciana and Cardona defined the
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motion profiles through convolution of pulses
multiplied by a negative exponential time function
considering damping'®'" and developed an approach
to design command inputs for the reduction of resi-
dual vibrations in nonzero initial states for cranes.'?

Some researchers combined feedback or adaptive
control with input-shaping method to control the
swing of crane. Sorensen et al."® developed a control
scheme to enable precise positioning of a crane
payload, where feedback control was used for pos-
itioning and disturbance rejection, and input shaping
was used for motion-induced sway reduction.
Stergiopoulos and Tzes'® presented an adaptive
input-shaping technique to suppress the payload oscil-
lations on a three-dimensional overhead crane with
hoisting mechanism, where the simplified linear
models were considered as a time-varying linear
system. Garrido et al.'> achieved the antiswing con-
trol of an automatic overhead crane using the online
two-dimensional inclinometer measurements and an
online calculation of input impulse trains.

The input-shaping methods based on double
pendulum model of crane have also been developed.
Singhose et al.'® '® built a double pendulum model for
bridge crane and designed the input-shaping control-
ler to suppress the multimode vibration. Vaughan
et al.!? proposed an input shaper method to improve
the ability of crane operators to drive a double-
pendulum tower crane. Masoud et al.>**! designed a
hybrid command-shaper to generate acceleration
commands to suppress travel and residual oscillations
of a double-pendulum overhead crane.

Zero vibration (ZV) shaper is the classic input-
shaping method that was presented in the 1950s.>
It is excellent to depress residual vibration when the
frequency and damping ratio of flexible dynamic
system are unchangeable. However, traditional ZV
(TZV) shaper is sensitive to modeling errors and is
not adaptive for the system of varying frequency
and damping ratio. Some robust methods were pro-
posed, such as zero vibration and derivative (ZVD)
shaper® and extra-insensitive shapers.** The speci-
fied-insensitivity input-shaping method was also
developed to deal with the modeling errors, in which
a specified level of robustness was defined to design
the input shapers.”> Unfortunately, robust shapers
typically have longer durations that slow the system
response.’® ?® For example, the ZVD shaper takes
longer than the ZV shaper by one half period of the
vibration, which is a small influence for the most high
frequency system. However, for large crane equip-
ment that usually operates with large rope lengths,
the increase of one half period of the oscillation
might affect transportation efficiency severely. In add-
ition, some adaptive technology could be used on line
difficultly because of the limitation of the controllers’
calculating capacity for most of the cranes.

Negative input shapers that contain negative
impulses can give much faster rise time than positive

input shapers.”” However, the negative impulses may
result in a small cost of robustness and possible high
mode excitation that need be dealt with using
appropriate strategies.* **

An improved ZV (IZV) method for bridge-type
grab ship unloader is presented in this paper. The
method uses the equivalent frequency and equivalent
damping ratio to respond to system changes in rope
length, which can control the residual swing angle in a
certain range. Because the output shafts of the trolley
drive motor and the hoisting motor in modern unloa-
der are usually equipped with high-resolution rotary
encoders, the exact location of the trolley and actual
length of the rope can be acquired precisely.
Therefore, the modeling error can be controlled
within a small range. In order to analyze the influence
of parameters errors on the control effect, this paper
also presents the sensitivity analysis of major design-
ing and operating parameters.

This paper is organized as follows. In the next
section, a dynamic model of trolley—grab system is
established, where the system damping is considered.
An IZV shaper and path planning method are
proposed in the subsequent section. A case study is
presented in the following section, in which the simu-
lation of swing control is achieved and parameter sen-
sitivity is discussed. In the final section, conclusions
and future perspectives are presented.

Dynamic model of trolley-grab system

Many literatures have built a dynamic model of trol-
ley—payload system. However, some of the literatures
did not consider the changes of the rope,'***3* and
some others did not consider damping.**°3 Here, a
dynamic model of trolley—grab system is built with
these following assumptions:

1. The trolley and the grab move in the same plane.

2. The grab is considered as a mass point.

3. The damping of the air is considered as the linear
damping which acts on the motion direction of the
grab.

4. The elastic deformations of the rope, influence of
wind, as well as the frictions between the rope and
the pulleys are neglected.

Take the position of the center of gravity of the trolley
as the coordinate origin O; (x,s, yys) and build the
inertial coordinate system O;—XY, where the direc-
tions of X and Y are level and vertical directions,
respectively. Then, the dynamic model of the trol-
ley—grab system can be built as shown in Figure 1,
in which, Ox(x,,, y,,) is the coordinate of the grab; M
and m are the masses of the trolley and the grab, respect-
ively; F, f, and F; are the drive force, friction on the
trolley, and the pull force of the rope, respectively; /
and 6 are the length of the rope and the swing angle of
the grab, respectively; ¢ is the damping coefficient.
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Figure 1. Dynamic model of the trolley—grab system.

According to Figure 1, the trolley—grab system can
be defined by three generalized coordinates that are
the displacement of trolley x, swing angle of the grab
0, and the length of the rope /. Then, in terms of the
geometric relationship, one can get

Xy =X
yu=0
Xp =Xx+1[sind

(D

Ym = —lcos@

Then the velocity components of the trolley and the
grab are

Xy =X

=0

X = X+ Isin@ + 6 cos O
Vm = —lcosO + [0sind

()

Let the velocity of the trolley be v,,, and the vel-
ocity of the grab be v,,, then, the kinetic energy of the
system can be expressed by

1 1
T:EMvﬁﬁimv; (3)
where
{ R — 4)
Ym = xgn + yizn

Substituting equation (4) and equation (2) into equa-
tion (3) results in

1 1 . .
T=-(M X2 + = m(P* + I*6*

2( —i-.m)x +2m(l + 170 )
+ mx(Isin 6 4 10 cos 6)

Take height of O, as the zero potential energy level,
thus the potential energy of the system can be
expressed by

V = —mglcos6 (6)
Let dissipation function be G, then

1
G =5 + 1) ™

Substituting equation (2) into equation results in

1 . ) . )
G= Ec(# 4 2+ 6 + 2xisin 6 + 206 cos 9) (8)

Using the Lagrange method, one can get the system
dynamic equation as follows

d (0L oL oG
—(=)-=+—=F
dt (3%’) aqi * 0qi ©)

where L is the Lagrange function, while L=T—U; ¢;
is the generalized coordinate, while ¢;=x, ¢,=/,
g3=0; and F; is the generalized force in terms of the
generalized coordinate system, while Fj=F—Ff,
F>=—F,, F5;=0. Then, one can get the motion differ-
ential equation of the system

(M 4+ m)x + mlsin @ + 2mif cos 0 + mlf cos 0
—ml6*sin 6 + c()’c—i- [sin 6 + lécos@) =F—f
ml + m3sin @ — ml6* — mg cos 6

+c<i + xsin 9) =—F

2mlo 4+ mlf + mi cos 6 + mg sin 6

+c(10 + x cos ) =0

(10)

Because in the real control system the velocities x
and / can be used as command input parameters, the
acceleration X can be derived from by x, then the
swing angle 6 can be calculated by

2mié+mlé+m5c'cos€+mgsin9+ c(l0+ xcosf) =0
(an

If the damping were not considered, the equation
would be the same one exhibiting in some existing
literatures. -3

IZV shaper and path planning
IZV shaper

Assuming that the system is a second-order harmonic
oscillator with natural frequency w and damping ratio
¢, the constraint on residual vibration amplitude can
be expressed as the ratio of residual vibration
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amplitude of the response system with shaping to that
without shaping. And it can be formulated as’

V(w, ¢) =5/ [Clw, OF-HS(, OF (12)
where
Clw, §)= 121 A;e*" cos (wy/ 1-221)) (13)
i=1
S(w, &)= Zn: A% sin (wy/ 1-221;) (14)
=1

in which 4; and ¢; are the amplitudes and time loca-
tions of the impulses, respectively.

To design a TZV shaper, one can take n=2 and
have’*#?

Mw, §) ==
A1+A4>=1 (15)
t1=0

Then, one can get

A=re
o=
11=0 (16)
h= w«/riffz
where
K = e eVI=¢ (17)

For the system with a fixed rope length (i = 0), the
o and the ¢ are constants (equations (19) and (20)).
However, in order to improve the efficiency, the grab
should be lifted or lowered when the trolley is moving.

Assuming that the swing angle of the payload is
small, sind ~ 6 cos6 ~ 1. Thus, equation (11) can be
simplified as

(oitel) g, mevei_

0+ - / - 0 (18)
Considering that the x, i, and / can be used as
known parameters, equation (18) can be looked as a
second-order oscillation process with time-varying
parameters around the swing angle 6, and its nat-
ural frequency and damping ratio can be calculated
by

w:\@ (19)

[ c [l

BRI 20

Apparently, the nature frequency and the damping
ratio will vary with the length of the rope. Input sha-
pers designed with the average operating frequency
are more effective than shapers based on the initial
frequency.>* However, average frequency usually
could not achieve an optimal swing control effect. In
addition, the changes in damping ratio cannot be
ignored. Here, the concepts of equivalent frequency
w, and equivalent damping ratio ¢, are proposed,
then, one can get

Wmin < W < Omax 2D

é‘min < Ce < gmax (22)

where Wmin, @maxs Cmin, aANd Cmax are minimal fre-
quency, maximal frequency, minimal damping ratio,
and maximal damping ratio, respectively. Their values
are decided by / and / according to equations (19) and
(20).

Here, the fourth-order Runge-Kutta method is
used to calculate the response of the system according
to equation (11). Comparing with the TZV methods
involving fixed rope length or average frequency, the
improvement obtained by equivalent frequency and
equivalent damping ratio can control the residual
swing angle in a small range and varying cable
length can be considered. The IZV shaper design algo-
rithm can be summarized as follows:

1. Select a desired limit value on the residual swing
angle 6; and calculate minimal frequency, maximal
frequency, minimal damping ratio, and maximal
damping ratio.

2. Design ZV shaper according to frequency w,. and
damping ratio ¢. and calculate the residual swing
angle 0, in terms of equation (11), in which
We = Wmin> §¢ = Cmin-

3. Take frequency increment Aw and damping ratio
increment A¢. Start at step 2 and replace w. with
w.+ A wand . with .+ A¢ until .+ Aw > @max
and ¢+ AL > Cmax-

4. Compare all the residual swing angles that are
calculated by step 2 and 3, and select the minimal
one as 0,min-

5. If 6,min <0, the corresponding frequency w,. and
damping ratio ¢, are regarded as equivalent fre-
quency o, and equivalent damping ratio ¢,
respectively.

The search algorithm is time consuming relatively,
and further research may consider faster optimiza-
tion technique, such as GA and improved
initial guess.*®
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Figure 2. Travel path of grab ship unloader.

Path planning

When a ship unloader is operating, on the one hand,
the grab should be lifted or lowered while the trolley is
moving to improve the efficiency, on the other hand
collision should be avoided. Therefore, the travel path
of the trolley and the grab should be planned advisa-
bly. As shown in Figure 2, the point B is a critical
point that is provided by the manufacturer to avoid
collision, which means that the grab should be lifted
to the highest position in rope direction before the
trolley arrives at point U. The full load travel of the
grab (4 to C) will be explained as an example here and
a similar method can be used in the empty load travel
of the grab (C to 4). When the point B is determined
by the manufacturer, the swing of the grab is con-
sidered to avoid possible collision and thus it is not
necessary to consider the swing in the path planning.
Furthermore, since only the speed of the trolley is
shaped using input-shaping method, lifting of the
grab can operate in accordance with the rated velocity
and acceleration. Obviously, in order to avoid colli-
sions and ensure efficiency, lifting of the grab can run
prior to or simultaneously with the running of the
trolley. In Figure 2, the grab will move along
the path of 4—A'—B'—B—C. If hoisting of the
grab and moving of the trolley begin simultancously,
the points 4 and A’ will coincide. Meanwhile, if the
trolley reaches the point U and the grab reaches the
point B at the same time, the point B and B’ will
coincide.

As shown in Figure 3, the dashed line is the lift
velocity of the grab along the rope direction, and
the solid line is the velocity curve of the trolley gen-
erated with ZV shaping. Here, 75, and 75, are the start
time and end time of lifting of the grab, respectively;
t7, and t7, are the start time and end time of moving
of the trolley, respectively; t7, and Spy (the shaded

Figure 3. Sketch map of the speed curves of the grab and the
trolley.

area) are the time when the trolley reaches the point U
and the distance between point O and point U,
respectively.

The time constraint of lifting of the grab is given by

tgs=0 (23)

The total time of lifting Ats; can be solved accord-
ing to the changing length of the rope A/, rated lift
speed vg,., and rated up/down acceleration ag/ag>

Atg = f(Al, agy, agi, ve2) (24)
The time constraints of moving of the trolley are
given by

{ZTY>O (25)

L1y = 1Ge

The time of moving of the trolley from point O to
point U Atg can be solved in terms of shaped speed
curve of the trolley

Atr = g(Souv, vri, V12, V13, A1, A2,

(26)
ars, ars, Atzi, Atz)

In which, vy, azj, and Aty (i=3, j=4, k=2) are the
velocities, accelerations, and delay times of different
stages in shaped speed curve of the trolley,
respectively.

If Atr=Atg, let t7s=0; if Aty < Atg, let
t7u = tge- Then, the total running time f7x can be
got to a minimum under the constraint conditions
of equation (25).

Case study

Some results of the numerical analysis proposed in
previous section are displayed in this section.
Table 1 lists the main parameters of a bridge-type
grab ship unloader in the case study.
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Table 1. Main parameters of an 800 t/h grab ship unloader
from Jiujiang Coal Terminal of China.

Value

Parameter Full load Empty load

Acceleration/deceleration 0.67 0.67
of lift (m/s?)

Rated velocity of lift (m/s) 2.0 2.0

Acceleration/deceleration 0.72 0.72
of trolley (m/s?)

Rated velocity of 2.16 2.16
trolley (m/s)

Mass of grab (t) 8

Maximal payload (t) 12

Range of trolley travel (m) 9-23

Range of rope length (m) 7-46

Safe distance to avoid 8.5

collision (m)(from U to V in Figure 2)

Simulation of ZV shaper control

The simulation takes a typical work status of the
unloader, travel of the trolley S =21 m, and the initial
length of the rope /=25m. In addition, let unloading
time be 5, system time delay be 0 ms, damping coef-
ficient be 20 N/(m/s), and initial swing angle be 0°.
From Figure 2, the path of the grab in a work cycle
i1s A—B—C—B— A, in which A—B—C is the full
load path and C—B—A is the back path with
empty load. Using the method presented in this
paper, one can get the equivalent frequency of full
load w.,r=0.9614rad/s, the equivalent damping ratio
of full load ¢,,=—0.1122, the equivalent frequency of
empty load w.,=0.9614rad/s, and the equivalent
damping ratio of empty load ¢.,=0.1119, respect-
ively. It should be noted that, although the damping
ratio of the full load has a negative value here, the
system will not behave unsteadily because the rules for
what a negative damping ratio mean on a linear
system do not strictly apply when the damping ratio
concept is used on a nonlinear system.

Figure 4 shows the command speed curves of the
trolley and the grab corresponding to 1ZV method
and TZV method, in which the speed of the grab is
only in the direction of the rope. In the TZV method,
the frequencies of full load and empty load are both
taken as the average frequency 0.9047 rad/s and the
damp ratios are both taken as zero. According to
Figure 4, one can find that the max speeds of the
trolley and the grab lifting are both achieved at the
rated velocities. In order to avoid collision, the grab
has to be lifted first, and then the trolley starts to
ensure the efficiency. Mainly there are some differ-
ences in the speed curves of the trolley between 1ZV
method and TZV method. Moreover, because there

3
— IZV,Trolley
- 1ZV ,Grab
ot .
1 -
E
20
£l /
et /
> \ ]
-1F s /
\ i
2F \————-'
3 . . . .
0 10 20 30 40 50

Time (s)

Figure 4. Command speed curves of the trolley and the grab.
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25F
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Figure 5. Travel track of the grab in a work cycle.

are negative damping ratios in IZV method, the larger
second impulse amplitudes are obtained in the shaper.

Figure 5 shows the travel track of the grab in a
work cycle, and the swing angle of the grab varying
with the time is shown in Figure 6.

The results as shown in Figures 5 and 6 exhibit that
a good effect of swing control is obtained using the
1ZV method, in which the max residual swing angle in
the full load travel is 0.3° (r=20.6s) and the max
residual swing angle in the empty load travel is 0.06°
(t=42.65). Whereas, using the TZV method, the max
residual swing angle in the full load travel is 5.9°
(t=20.5s) and the max residual swing angle in the
empty load travel is 2.4° (t=41.85s).

Parameter sensitivity analysis

Because the simulation analysis is based on a model of
the real ship unloader, the sensitivities of the max
residual swing angle to the changes of some main
designing parameters and operating parameters
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Figure 6. Swing angle of the grab varying with the time.
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Figure 7. Curves of the residual swing angle varying with the
damping coefficient.

should be analyzed. The insensitive parameters can be
ignored or given approximate values and the sensitive
parameters need be given accurate values or applic-
able ranges. Here, the control parameters that are
derived from ““Simulation of ZV shaper control” sec-
tion are used as basic control parameters in the sen-
sitivity analysis.

First, the possible errors of several designing par-
ameters are considered. Since it is often difficult to
obtain the accurate value of damping coefficient, a
wide range is given here to analyze its impact. In
fact, the literatures have given very different
values.>*?” Figures 7 to 9 show the curves of the resi-
dual swing angle changing with the damping coeffi-
cient, the deviation of the center of gravity of the grab
in rope direction, and the time delay of the system,
respectively.

In Figure 7, the residual swing angles of full load
path vary in the range of (0.25°, 0.49°), that of empty
load path in the range of (0.026°, 0.14°) when the
damping coefficient varies in the range of (0 N/(m/s),
200 N/(m/s)), which indicates that the residual swing
angle is insensitive to the damping coefficient. In
Figure 8, the residual swing angles increase with the
increasing deviation of grab’s center of gravity. The

12 : :
—6— Full load
10 —D-— Empty load ]
o
Q
Z
Q
=
=1
<
en
g
g
=
=
2
[
~
-2 -15 -1 -0.5 0 0.5 1 1.5 2
Deviation of grab’s center of gravity (m)

Figure 8. Curves of the residual swing angle varying with the
deviation of the center of gravity of the grab in rope direction.

—6— Full load
== Empty load

Residual swing angle (deg)

0 20 40 60 80 100
System time delay (ms)

Figure 9. Curves of the residual swing angle varying with the
time delay of the system.

residual swing angles of full load path and empty load
path reach 10.29° and 6.21°, respectively, when the
deviation of grab’s center of gravity is —2m.
Therefore, the position of grab’s center of gravity
should be as accurate as possible. Obviously, when a
grab loads and opens, the center of gravity may
change. Then full load and empty load path should
differ from the center of gravity of the grab. Figure 9
shows that the time delay of the system has little effect
on the residual swing angle and the effect has no obvi-
ous pattern. Therefore, the parameter can be ignored.

Second, several operating parameters are selected
to analyze the favorable working conditions of the
control parameters. Figure 10 illustrates the charac-
teristics of the residual swing angles varying with pos-
ition deviation of the trolley and initial length
deviation of the rope, and Figure 11 shows the
curves of the residual swing angle varying with the
initial swing angle.

From Figure 10, one can find that the residual
swing angle is sensitive to the varying initial position
of the trolley but it is insensitive to the varying initial
length of the rope, which illustrates that same group
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Residual swing angle (deg)

Residual swing angle (deg)

(b)

Figure 10. Characteristics of the residual swing angles varying with position deviation of the trolley and initial length deviation of the

rope. (a) Full load, (b) empty load.

—©— Full load D
== Empty load

Residual swing angle (deg)

-2 -1 0 1 2
Initial swing angle (deg)

Figure 11. Curves of the residual swing angle varying with
the initial swing angle.

of control parameters have a wide adaptive range for
initial length of the rope and a narrow range for dis-
placement of the trolley. Figure 11 indicates that the
residual swing angle is sensitive to the initial swing
angle, especially in full load path.

Conclusions

This paper proposes an IZV method of swing control
of bridge-type grab ship unloader based on input-
shaping method. A dynamic model of trolley—grab
system considering damping and changing length of
rope is built. Then an IZV method that uses the
equivalent frequency and equivalent damping ratio
to respond to system changes in rope length is pre-
sented and the optimal path planning is considered to
avoid collision and improve efficiency. A numerical

simulation of a case study is carried out to analyze
the effects of the method proposed in this paper.

It was found that the max residual swing angle of
the grab can be limited in a little range in ensuring the
safety and the efficiency using this method to get opti-
mal input commands. After that, the sensitivities of
the max residual swing angle to the changes of some
main designing parameters and operating parameters
are analyzed, in which the unchangeable control par-
ameters are used.

In addition, the results display that the residual
swing angle is sensitive to the deviation of the center
of gravity of the grab, the deviation of trolley’s pos-
ition, and the initial swing angle under the same con-
trol parameters, but insensitive to the damping
coefficient, the time delay of the system, and the initial
length deviation of the rope, which can help to select
appropriate parameter values or adaptive range in an
actual unloader. Because the center of gravity of the
grab may be significant changes when the grab opens
from full load to empty load, further research is
needed to consider the effects according to 3D model.

This method is promising to extend to other
situation, such as the swing control of container
crane.
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Appendlx VGe 1rja‘[ed lift speed
Notation Vi velocity of the grab
) Var velocity of the trolley
aGi/ dc2 rated up/'down acgeleratlon ) v (i=3) velocities of different stages in
ar; (j=4) accelerations of different stages in shaped speed curve of the trolley
shapej‘d speed curve of the trolley ¥ displacement of trolley
A; amplitudes of the impulses
c damping coefficient Al changing length of the rope
f friction on the trolley Atz (k=2) delay times of different stages in
F drive force on the trolley shaped speed curve of the trolley
F pull force of the rope ¢ damping ratio
G dissipation function Ce equivalent damping ratio
) length of the rope Cmin minimal damping ratio
m mass of the grab Cmax maximal damping ratio
M mass of the trolley 0 swing angle of the grab
0, position of the center of gravity of ® natural frequency
the trolley, the coordinate origin o8 equivalent frequency
0, coordinate of the grab ®min minimal frequency

Sou distance between point O and point Wmax maximal frequency



