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ABSTRACT
The natural sway of crane payloads is detrimental to safe
and efficient operation. Most crane control research has
focused on oscillation induced by motion of the overhead
trolley that is perpendicular to the vertical suspension cables.
Little consideration has been given to bouncing oscillation in
the hoist direction and pitching oscillation with respect to
mass center of the payload. These dynamic effects arise in
cases when the suspension cables are very long. These
oscillations may interfere with the ability of the crane
operators to accurately unload the payload at its desired
position and orientation. This paper presents a method for
generating shaped commands that suppress payload
oscillations of bouncing and pitching. Theoretical models are
initially used to develop and evaluate the input-shaping
control algorithm. Then, experiments performed on a portable
tower crane are used to demonstrate the improved response
provided by the proposed approach.
1
INTRODUCTION
Manipulation of heavy objects in warehouses, shipping yards,
nuclear power plants, waste storage facilities, and construction
sites is often accomplished with cranes. Unfortunately,
unwanted oscillation of crane payloads causes safety hazards
and difficulty in positioning. Some particularly challenging
applications occur in the use of cranes for handling nuclear
wastes and loading ship cargoes [1-3].
Tremendous work on crane control has been performed to
remove payload oscillation. Utilizing numerical optimization,
the time-optimal commands that result in zero residual
oscillation can be obtained [4]. Hoisting (changing suspension
length) of the payload during motion increases the difficulty of
control because the system becomes nonlinear and the system
natural frequencies are time-varying [5]. If feedback
∗

measurements of the oscillation are available, then adaptive
controllers and combination open- and closed-loop control are
possible [6, 7].
If measurements of the payload position are not available, then
feedback control methods cannot be used. In this case, inputshaping control is the most practical approach for real-time
oscillation suppression. An input-shaping controller filters out
unwanted excitations from the command signal by convolving
it with a series of impulses [8, 9]. Input shaping has proven to
be effective and practical for controlling single-pendulum
cranes [7, 10, 11], as well as double-pendulum cranes [12, 13],
by removing payload pendulum oscillation even when the
payload undergoes hoisting [14].
Although significant contribution has been made to remove
pendulum-like oscillation, much less consideration has been
given to the way in which the flexibility of the hoisting cables
affects the payload motion. Most cables utilized in cranes can
be assumed stiff because the pendulum oscillation of the
payload swing is the dominating factor in the dynamic
response. However, when the suspension cable length is long
and the suspended payload weight is very heavy, even a cable
made of thick steel cable must be considered as a flexible
spring. This flexibility causes a bouncing oscillation in the
hoist direction. Furthermore, if the payload is bulky with large
dimensions and if the mass center of the payload is not located
on the center line of hoist cables (unbalanced), then this
bouncing motion results in an additional pitching motion of
the payload.
Bouncing and pitching motions of the payload cause safety
hazards and difficulty in accurate positioning during unloading
operations. For example, in nuclear waste storage facilities,
radiological waste packages are regularly stacked in tight
matrix formations, requiring positioning accuracy of less than
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1 cm [15]. These strict requirements arise from the high cost
of silo space in which the wastes are stacked. However, this
presents a challenge to crane operators. Even though they can
remove the pendulum oscillation of the payload by using
existing crane controllers, the bouncing and pitching
oscillations remain. These oscillations are virtually
uncontrollable from the operators’ point of view.
This paper addresses input-shaping control to eliminate the
bouncing and pitching oscillations of massive and bulky
payloads suspended by long cables. The hoist dynamics of a
large silo crane are investigated and characterized as a
function of the system parameters in Section 2. An inputshaping scheme is then developed to eliminate the bouncing
and pitching oscillation induced by the hoist motion in Section
3. The robustness of three different input shapers is discussed
in Section 4. Finally, experimental results from a portable
tower crane are used to demonstrate the improved response
provided by the proposed approach.
2
CRANE HOIST DYNAMICS
Figure 1 shows a schematic representation of a crane
suspending a payload that has unbalanced mass distribution.
The payload is hoisted by applying a hoisting force, FL , to the
cables. Two cables with spring constants k1 and k 2 support
the mass, M , below the trolley. The vertical displacement
(ΔL) of the center of the gravity is measured from the
equilibrium position in the absence of any motions when the
suspension cable length is L = L0 . Because the cables are
assumed to be flexible, the hoisting motion causes a bouncing
motion (oscillation in suspension cable length L ). The center
of gravity of the payload deviates from the center line of the
hoist cables by δ . This deviation generates a pitching motion
with respect to the payload mass center. Assuming the
pitching angle ( θ ) is small, the equations of motion are:

Trolley
FL

..

M ΔL + (k1 + k 2 )ΔL + (k1d1 − k 2 d 2 )θ = Mg − FL
..

J θ + (k1d12 + k 2 d 2 2 )θ + (k1d1 − k 2 d 2 )ΔL = 0

(1)

(2)

Where d1 and d 2 are distances from the mass center to each
cable connection point and J is the payload moment of inertia
with respect to its mass center.
As shown in (1), the hoisting force, FL , causes a change in
ΔL , which in turn induces oscillation in θ , as indicated in
(2). In these equations, the (k1d1 − k 2 d 2 ) term creates
coupling between the bouncing motion ( ΔL ) and the pitching
motion ( θ ). If k1d1 = k 2 d 2 , then the coupling term becomes
zero and the two equations become independent of each other.
This means that if the payload is perfectly balanced and there
are no disturbances in the pitching direction, then θ is always
0.
2.1 Problem definition:
In some applications requiring very accurate positioning of the
payload, small amplitude pitching motions may forbid the
crane operators from unloading the payload within the desired
positioning accuracy. One such example can be found in
nuclear waste storage facilities, where radiological waste
containers are regularly stacked in tight matrix formations
inside silos, requiring positioning accuracy less than 1 cm.

Figure 2 shows the pitching motion of the radiological waste
container which is to be unloaded in the space between two
other containers. In the figure, the actual dimensions of the
container are noted to give a better understanding of the
problem of the silo crane. The container packed with the waste
storage drums is grasped by a gripper, which is mounted on a
grabber. The grabber hangs on the suspension cables.
The container is packed with 16 drums inside, as shown in
Figure 3. Each drum contains various radiological wastes
including metal, liquid, epoxy, filters, etc. Thus, the weight of
the drums depends heavily on the type of waste contents. The
typical weight of solid waste drums is in the range of
270±150 kg [15].

Cable length
100 cm

L

L0

k1

0 - 36 m

k2
2D

Grabber
155x155x97 cm

d2

ΔL
ΔL+d1sinθ

d1
Mg

θ

Gripper

ΔL-d2sinθ

290x130x40 cm

θ

δ

Container

2D box

273x273x114 cm
16 ton

Container
i-1
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Figure 2. Pitching motion generated by mass center
deviation.
Heavy drums
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Figure 3. Container mass center deviation due to
different weight drums.

Some drums are compacted and repackaged into new drums to
reduce the volume of the waste. Also, some drums are filled
with concrete to shield high radiation. These repackaged
drums typically weigh in the range of 400±100 kg [15].
Because the container is packed with drums of different
weight, the mass center of the container will not be located on
the center axis of the two suspension cables. Assuming the
above range of drum weights and an empty container weight
of approximately 8,000 kg, the maximum deviations of mass
center ( δ max ) from the center axis are 16 cm and 7 cm for a
solid waste container and repackaged waste container,
respectively. Note that this value is very small compared with
the width of the container (273 cm). However, this small
deviation causes a pitching motion of the container as
mentioned previously. This pitching motion makes it difficult
for the crane operators to accurately unload the payload. In
this application, with positioning accuracy of 1 cm, the
tolerable level of peak-to-peak amplitude of pitching angle, θ ,
must be less than 0.2o.

(3)

Where 2D is the distance between the two suspension cables.
Assuming the spring constants of the two cables are the same
( k1 = k 2 = k ), then (1) and (2) can be rewritten as:
..

M ΔL + 2kΔL − 2kδθ = Mg − FL

(7)
(8)

(4)

AE
L

(9)

where E is Young’s modulus of the wire cable and A is the
metal cross sectional area of the cable. For example, a 1x6x19
wire cable, which has 1 inch diameter, 6 strands, and 19 wires
in each strand made of monitor steel, has an Young’s modulus
of 8.275 x 1010 N / m 2 [16]. This cable with a length of 36 m
has a spring constant of 1.166 x 106 N / m . These values
represent a silo crane which is being developed for handling
the radiological waste containers at the Korean Radiological
Repository. Unless otherwise specified, the parameters used
for the simulations in this paper are chosen to match the
dimensions of that silo crane.

Note that the actual spring constant of the cable may differ
somewhat from that given in (9). However, the input-shaping
techniques presented in this paper will still be effective,
provided that the two oscillation frequencies of the system can
be reasonably approximated.
In the general case when the payload has a mass offset
(δ ≠ 0) , the linearized frequencies of the system modeled in
(6) and (7) are:

Equations (1) and (2) can be further simplified by introducing
the deviation of the mass center, δ .
d2 = D + δ

(6)

where ω L and ωθ are the natural frequencies of the bouncing
and pitching motions, respectively, when there is no coupling
(δ = 0) . Equations (6) and (7) show again that the mass center
deviation, δ , creates coupling between the bouncing motion
and pitching motion. The two frequencies, ω L and ωθ , are
functions of the spring constant k , which changes with the
suspension cable length ( L ). The equivalent spring constant
of the wire cable can be approximated as:

cm

d1 = D − δ

(5)

(ω p,b )

2

(

) (ω

⎡ 2
2
⎢ ω L + ωθd m
=⎣

L

)

2
⎤
+ ωθd 2 − 4ω L 2ωθ 2 ⎥
⎦
2

2

(10)

where, ωθd = ωθ 1 + (δ D )2 .
Substituting δ = 0 in (10), we get ω p = ωθ and ωb = ω L .
2.2 Frequency variations:
Information about how the frequencies change as a function of
the system parameters is needed to design an effective inputshaping control scheme. In this section, we examine a subset
of crane manipulation tasks where the crane is used to lower
the payload without perpendicular movement of the overhead
trolley and bridge. That is, the suspension length changes

3
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while there is no pendulum oscillation caused by movement of
the overhead trolley. This type of manipulation task is
common on cranes that lower payloads far down into storage
facilities.
Figure 4(a) shows the two oscillation frequencies ( ω p , ωb ) as
a function of the suspension cable length. In this plot, the
deviation ratio of mass center ( δ / D ) is held constant at 0.14
( δ =70 mm, D =500 mm). Note that we used a reasonable
maximum deviation that occurs in a container with repackaged
drums. Figure 4(b) shows the two oscillation frequencies for
various deviation ratios, while the suspension cable length is
held constant at 36 m. The frequencies ( ωθ , ω L ) that occur
when δ = 0 are also plotted for comparison purposes.
Recall that ωθ and ω L are the frequencies of a perfectly
balanced payload system.
As shown in Figure 4(b), payload imbalance has very little
effect on the bouncing-mode and pitching-mode frequencies.
As shown in Figure 4(b), when the deviation of mass center
has its maximum expected value ( δ / D = 0.14 ) for a
suspension cable length L = 36 m , the two frequencies, ω p
and ωb , are 1.22 and 1.93 Hz, respectively. This is only a
0.67% change from the corresponding frequencies of
ωθ =1.23 and ω L =1.92 Hz of the non-coupled system with
δ /D =0.
On the other hand, Figure 4(a) shows that the two frequencies
change significantly with the suspension cable length.
The pitching-mode frequency ( ω p ) varies between ∞ (at

2.3 Contributions to the amplitude of oscillation:
Our concern is how to suppress the total oscillation of the
bouncing and pitching motions, so we must determine which
mode contributes the most amplitude to the total unwanted
oscillation. This can be done by breaking the overall dynamic
response into components from the two frequencies [13].
When this is done, the payload response from an impulse, A
applied at t = t 0 , can be expressed as:

ΔL(t ) = D p sin ω p (t − t 0 ) + Db sin ωb (t − t 0 )
where, D p =

A(ωθd 2 − ω p 2 )

ω p (ω b 2 − ω p 2 )

where, E p =

Aδωθ 2

D 2ω p (ω b 2 − ω p 2 )

10

20

30

40

Frequency, ω (Hz)

Cable length, L (m)
(a) Variation of frequencies with cable length ( δ / D = 0.14)

Frequency, ω (Hz)

2
1.5
1

ωω1p
ωω2b

0.5
0

0

0.05

0.1

Deviation ratio, δ/D

D 2ω b (ω b 2 − ω p 2 )

.

indicate those for the pitching response. The maximum
amplitude is found by adding the maximum possible
amplitudes from each mode. The maximum amplitudes of
bouncing and pitching motions are:
ΔLamp = D p + Db =

A(ω p ω b + ωθd 2 )

ω p ω b (ω p + ω b )
2

Aδωθ

(13)

2

D ω pωb (ω p − ωb )

(14)

Using this decomposition, the overall oscillation and the
contribution of each mode to the overall oscillation were
calculated for a wide range of the mass deviation and
suspension cable lengths, and are displayed in Figure 5.

2
0

Aδωθ 2

each mode to the overall bouncing response, and E p and Eb

θ amp = E p + Eb =

4

0

, Eb =

(12)

The coefficients, D p and Db indicate the contributions of

8
ωL
ω
θ
ωθ
ω
L

and

ωb (ωb 2 − ω p 2 )

θ (t ) = E p sin ω p (t − t 0 ) − Eb sin ω b (t − t 0 )

frequency ( ωb ) varies between ∞ and 1.93 Hz.

ωωp1
ωωb2

A(ω b 2 − ωθd 2 )

ωθd = ωθ 1 + (δ D )2 .

L = 0 m ) and 1.22 Hz (at L = 36 m ) and the bouncing-mode

6

, Db =

(11)

ω
ωλ
θ
ωτL
ω
0.15

(b) Variation of frequencies with deviation ratio ( L = 36 )

Figure 4. Variation of frequencies for various cable
lengths and deviation ratios.

Figure 5 shows how the system parameters affect the
oscillation of the overall response. Figure 5(a) shows that the
deviation of mass center has little affect on the oscillation of
the bouncing motion. On the other hand, as the suspension
cable length increases, the amplitude of bouncing motion
significantly increases. Figure 5(b) shows that the bouncing
frequency is the main component of the bouncing motion. As
shown in Figure 5(c), both the deviation of the mass center
and the suspension cable length significantly influence the
amplitude of pitching motion. Figure 5(d) shows that the
pitching frequency provides the largest component of pitching
oscillation. However, the bouncing frequency contributes
about 39% of the overall oscillation for δ / D = 0.14 and
L = 36m. Based on these figures, the oscillation of the
bouncing motion can be adequately removed using only a
single-mode input-shaper designed for the bouncing frequency.
On the other hand, a two-mode shaper is necessary to
eliminate the oscillation of the pitching motion.
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3.1 Response characteristics of bouncing and
pitching motions:
There are a number of different ways to design input-shapers
[7-13]. In this paper, Zero Vibration (ZV) input shapers are
designed for the silo crane being developed for handling the
radiological waste containers at the Korean Radiological
Repository [15].

Figure 6 shows the simulated response of a container when the
payload is lowered by increasing the suspension cable length
from 1 to 36 m. The motion is driven by the standard on/off
velocity commands generated when a human operator pushes
the control buttons. During this simulation, the trolley was not
moved. The deviation ratio of the mass center was set to its
maximum expected value of 0.14 and the velocity of hoist was
set to 0.152 m/sec, which is the maximum velocity of the silo
crane hoist motors. These conditions represent a particularly
bad case of hoist dynamics.
As shown in Figure 6, both bouncing and pitching angle
increase, as the suspension cable length increases. This can be
explained using (9). As the suspension cable length increases,
the cable becomes more flexible and thus stretches more. Also,
the difference of stretched lengths between the two cables
becomes larger, which induces the larger pitching angle. When
the payload stops at 36 m, the oscillation of both bouncing and
pitching motions are amplified. The maximum residual
oscillation of the pitching motion is 0.62o, which far exceeds
the tolerable level (0.2o) required for the successful unloading
of the containers with a positioning accuracy of 1 cm.
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Figure 6. Unshaped responses for a 36 m lowering of
the payload ( δ / D = 0.14 ).

Figure 5. Amplitude contribution of the frequencies for a
range of cable lengths and mass center deviations.
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Figure 7 shows the responses with ZV shaping for the same
move and parameter settings used in Figure 6. Zoomed in
plots of the data in the dashed boxes are shown in Figure 8.
Both Figures 7(a) and 8(a) show the residual oscillation of the
bouncing motion is greatly reduced when compared to that of
the unshaped bouncing response. Also, the residual oscillation
of the pitching motion is greatly suppressed, as shown in both
Figures 7(b) and 8(b). However, 0.23o of peak-to-peak
residual oscillation still remains. This value is close to the
tolerable level (0.2o). Given that the system parameters cannot
be measured accurately, the actuator nonlinearities are not
considered, and there are other sources of errors, the residual
oscillation of pitching motion in this case is too close to the
tolerable level. Thus, a two-mode input-shaper for both the
pitching and bouncing frequencies is necessary to adequately
suppress the residual oscillation.
3.3 Two-mode input-shaper applied to stopping
motion:
A Two-mode Zero Vibration (ZV) input-shaper formed by
convolving two single-mode ZV shapers for the bouncing and
pitching frequencies is:

243
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3.2 Single-mode input-shaper:
As mentioned in the previous section, a two-mode inputshaper is required to effectively eliminate the residual
oscillation of the pitching motion. However, as a first step, we
investigated the effect of a single-mode shaper designed to
suppress the bouncing frequency. The Zero Vibration (ZV)
shaper for the bouncing frequency (1.93 Hz) designed for
δ / D = 0.14 and L = 36 m is:
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Figure 9 shows the responses with two-mode ZV shaping for
the same move and parameter settings used in Figure 8. The
dashed lines represent the response when the two-mode ZV
shaper is applied only during the stopping motion. As shown
in the figure, residual oscillation of the pitching motions is
reduced to only 0.07o, well below the tolerable level.
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Figure 9. Comparison of unshaped, two-mode ZV
shaped stopping motion, and two-mode ZV shaped
responses applied to both starting and stopping motions
( δ / D = 0.14 ).
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3.4
Two-mode input-shapers applied for both
starting and stopping motions:
While a two-mode input-shaper applied during the stopping
motion effectively eliminates both residual oscillation of the
bouncing and pitching motions, small oscillations still remain
as shown in Figure 9. These oscillations are generated by
forces that occur during the start of the lowering motion.
Because a two-mode input-shaper was applied only at the
stopping motion of the hoist, only the oscillations generated
by the stopping deceleration were removed.

penalty is not very significant for this application. This is
immediately obvious when one realizes the total time required
for the hoist to travel from 1 m to 36 m at a constant speed of
0.152 m/sec is 230 sec.
The unshaped responses of both the cable bounce and the
pitching angle show large oscillations just after the hoist starts
to move at 33.5 m. These oscillations are further amplified at
the stop position, 36 m. By applying two-mode input-shapers
to both starting and stopping motions, these oscillations can be
nearly eliminated, as shown in Figures 10(c) and 10(d).
Hoist velocity, V (m/sec)

The magnitudes of the oscillations generated by the initial
lowering motion are very small if the crane starts with a short
suspension length. Because the frequencies for short
suspension lengths are much higher than that for long
suspension lengths, the magnitude of oscillations become very
small, as was shown in Figure 5(a). However, if the crane
starts lowering the payload with a long suspension length, then
the oscillations caused by the starting acceleration will be
large.
The oscillations of the bouncing and pitching motions
generated by a starting motion can be eliminated by applying
another two-mode ZV input-shaper when the crane starts to
lower the payload.
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The Zero Vibration (ZV) input-shaper designed for the
frequencies at L = 1 m is:
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0.043 0.068 0.111⎥⎦
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(17)
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The solid lines in Figure 9 represent the responses when twomode input-shapers are applied to both the start and stopping
motions of the hoist. As shown in the figure, the bouncing and
pitching oscillations are virtually eliminated during the travel
and the residual oscillation is eliminated.
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The shaper used to start motion may not be as important when
the crane starts to lower the payload with a short suspension
length because the oscillation during travel is very small as
compared with the residual oscillation after stopping.
Furthermore, during a long-duration hoist, the small
mechanical damping in the system will tend to reduce the
oscillation induced by the starting motion. However, if the
crane starts with a long suspension length, then a shaped
command should be used to start the lowering of the payload.

10

unshaped
Unshaped
shaped
Shaped

8

6

4

0

5

10

15

Time (sec)

20

25

(c) Cable bounce

Pitching angle, θ (deg)

For example, consider the case when the crane operators stop
the hoist when the bottom face of the container reaches 1 or 2
m above the top face of the preloaded containers. They then
align the x-y position of the container by moving the trolley.
They complete the task by lowering the hoist to the final
unloading position. In the case of the silo crane, the height of
the container is 1.14 m, as was shown in Figure 2. Thus, we
can assume that the initial lowering motion stops at a
suspension length between approximately 33 and 34 m. And
the hoist travels again until it reaches a length of 36 m.
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Figure 10 shows the simulated response when the container is
lowered from 33.5 m to 36 m. By applying input-shapers, the
command duration is increased slightly, as shown in Figure
10(a). In this case, the increase is only 1.31 sec. This time

Figure 10. Two-mode ZV shaped responses applied to
both starting ( L = 33.5 m ) and stopping ( L = 36 m )
motions ( δ / D = 0.14 ).
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will result in a shaped command signal that is 0.67 sec longer
than the ZV shaped command. However, as mentioned
previously, this time penalty is acceptable as compared with
total time duration of hoisting operations. The EI shaper is the
same duration as the ZVD shaper, but it is considerably more
robust. The increase in robustness is obtained by relaxing the
constraint of zero residual oscillation at the modeling
frequencies. In our case, as shown previously in Figure 4, the
two natural frequencies change significantly with the
suspension cable length. Therefore, the ZVD or EI shapers are
more appropriate than the ZV shaper.
20.2

Percentage Vibration (%)

4
ROBUSTNESS OF INPUT-SHAPERS
In the previous section the effectiveness of the ZV shaper was
demonstrated. The shaper drastically reduced the residual
oscillation, as well as the oscillation during hoist travel. If the
actual crane frequencies coincide with those used in
simulation to design the shaper, then the oscillation will be
eliminated. However, during actual usage it will be very
difficult to measure the deviation of the mass center, because
the containers are very heavy and bulky. Furthermore, the
equivalent spring constant of the actual cables will differ
somewhat from that given in (9). This equation was obtained
by assuming that the cable acts as like a linear spring. In fact,
the flexibility of the cable can change after repetitive
stretching and wear.

Therefore, modeling errors and parameter variations always
exist and may contribute to residual oscillation of the system.
In this context, the input-shapers require some amount of
robustness to modeling errors and parameter variations.
Specifically, we may consider the robustness of an input
shaper to adequately reduce oscillation at suspension lengths
and with deviation of mass centers for which the shaper is not
designed.
One method of quantifying the robustness of an input shaper is
to compare the amplitude of residual oscillation as a function
of the actual frequency. This can be displayed graphically by a
sensitivity curve: a plot of residual oscillation versus
frequency [9]. A sensitivity curve reveals how much residual
oscillation will exist when there is an error in the estimation of
system frequency parameters. In this section, sensitivity
curves are presented for three kinds of input shapers: ZV, ZVD,
and EI shapers. The ZV (Zero Vibration) shaper guarantees
zero oscillation only at the modeling frequency [8, 9, 17, 18].
The ZVD (Zero Vibration and Derivative) shaper achieves
robustness by requiring zero derivative of the equation of
percentage oscillation at the modeling frequency [9]. And the
EI (Extra Insensitive) shaper is designed so that the oscillation
at the modeling frequency is not forced to zero, rather it is
limited to a small, non-zero value [19].
Figure 11 displays sensitivity curves for the different shapers.
The horizontal axis represents the actual frequency of the
system. The vertical axis represents the percentage residual
oscillation after a movement. This percentage is the amplitude
of oscillation when input shaping is used divided by the
amplitude of oscillation when shaping is not used. The shapers
used to generate Figure 11 were designed for a system with
two frequencies at 1.93 Hz and 1.22 Hz, which corresponds to
δ / D = 0.14 and L = 36 m . These frequencies are represented
as circles on the horizontal axis. The robustness of a shaper is
determined by observing how much of the sensitivity curve is
beneath some acceptable oscillation threshold, usually 5%.
The ZV shaper is the most sensitive shaper to modeling errors.
Small errors in the modeling frequency can yield a significant
amount of residual oscillation. The ZVD shaper is far more
robust, which is evident by noting that the width of the ZVD
curve is much larger than the ZV curve. The increased
robustness is achieved by forcing the slope of the sensitivity
curve to zero at the modeling frequencies. The ZVD shaper is
longer than the ZV shaper and in this case the ZVD shaper

ZV
ZVD
EI
System natural
frequencies

155

10.1
ZV
ZVD
EI
System
Acceptable
Natural
threshold
Frequencies

5
05
00
0.5

1

1.5

2

Frequency (Hz)

2.5

3

Figure 11. Sensitivity curves for two-mode shapers.
5
EXPERIMENTAL VERIFICATION OF BOUNCING
CONTROL
The parameter values used for the simulations in the previous
section were chosen to match the silo crane planned for the
Korean Radiological Repository. Because this crane is under
development, implementation of the controller on the crane is
impossible. However, to demonstrate the ability of the input
shapers to control the hoist bouncing motion, experiments
were performed on a Portable Tower Crane at Georgia Tech
[20]. Note that the experiments focused only on the bouncing
motion of the mass, not the pitching motion. Also, the spring
constant associated with the bouncing frequency was held
nearly constant and does not vary significantly with the
suspension cable length.

The portable tower crane is controlled by a Siemens PLC and
is operated through a Graphical User Interface (GUI). This
computer interface can be accessed locally or remotely via the
Internet. Through the GUI, one can program the tower crane
with specific trajectories. A Siemens camera was used to
capture the time response of the payload when performing
movements along the hoist axis.
Because the suspension cable length and the payload capacity
of the crane are very small as compared with those of the silo
crane, it was impossible to reproduce the system frequencies
of the silo crane. Therefore, to generate a bouncing motion
which has a similar natural frequency to that of the silo crane,
an elastic rubber band was attached to the hook of the crane,
as shown in Figure 12.
The equivalent spring constant of this experimental setup was
obtained by considering the stiffness of the beam, the elastic
rubber band, and the suspension cable. It was found to be
approximately 44.1 N/m. A payload mass of 0.455 kg was
used. This created a bouncing motion with a natural frequency
of approximately 1.56 Hz.
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Hoist velocity (m/sec)

Hoist
motion

Hook
Rubber band

0.16
0.12
0.08
0.04

Payload mass

Figure 12. Experimental setup.

Travel distance (cm)

The hoist velocity was set to 0.152 m/sec, which is identical to
that of the planned silo crane. Figure 13 shows a typical input
to the motors after a velocity step input is convolved with the
ZV shaper in (17). The load was hoisted through five different
distances: 18, 28, 35, 45 and 53 cm to investigate the
robustness of the controller to the different hoist distances.

6
CONCLUSION
When a crane payload is bulky and heavy and/or the hoist
travel is far, the suspension cable of the hoist must be regarded
as a flexible spring. This causes a bouncing motion. If the
payload has unbalanced weight distribution, then the bouncing
motion causes a pitching motion of the payload. Ultimately,
these motions make it difficult for the crane operators to
accurately unload the payload. In this paper, input shaping was
shown to significantly reduce the bouncing and pitching
motions of a payload when it is hoisted. It was shown that
two-mode input-shapers should be designed for the
frequencies at both the start and stopping motions of the hoist.
Experiments were performed with a small-scale tower crane
with a constant bouncing oscillation frequency. The
experimental results showed that input shaping is very
effective at eliminating the payload bouncing motion.

1

2

3

Time (sec)

4

5

6

60

(17)

Figure 14 shows both unshaped and shaped responses. For
comparison purposes, these responses were plotted all together
by giving different starting times to each response. As shown
in the figure, the ZV shaper significantly reduces the
oscillations of the bouncing motion. Also, it shows that the
controller is robust when the hoist distance is varied. This is
because the spring constant remains relatively constant
throughout the different hoist distances. However, in the silo
crane the spring constant always varies with the suspension
cable length, therefore, robust shapers will be needed. The
most significant experimental result is that without input
shaping, the task of placing the payload with precision and
without collisions would be very difficult.

0
0

Figure 13. Shaped and unshaped trajectory velocity
profiles of hoist motion.

Because the natural frequency has a nearly constant value as
the hoisting is performed, the Zero Vibration (ZV) shaper was
chosen as an appropriate input shaper. The ZV shaper for the
frequency of 1.56 Hz is:
⎡ Ai ⎤ ⎡0.500 0.500⎤
⎢t ⎥ = ⎢
0.321⎥⎦
⎣ i⎦ ⎣ 0

Unshaped
Unshaped
Shaped
Shaped

40

20

Shaped
Unshaped
Unshaped
Shaped

0
0

1

2

3

4

5

6

7

Time (sec)
Figure 14. Comparison of shaped and unshaped
payload responses.

7 ACKNOWLEDGEMENTS
The authors would like to thank Siemens Energy and
Automation for their generous support of this work.
8

REFERENCES

[1] Masoud, Z.N., Daqaq, M.F., and Nayfeh, N.A., 2004,
"Pendulation reduction on small ship-mounted telescopic
cranes," Journal of Vibration and Control, Vol. 10, pp.
1167-1179.
[2] Masoud, Z.N., Nayfeh, A.H., and Mook, D.T., 2004,
"Cargo pendulation reduction of ship-mounted cranes,"
Journal of Nonlinear Dynamics, Vol. 35, pp. 299-311.
[3] Zrnić, N., Petković, Z., and Bošnjak, S., 2005,
"Automation of Ship-To-Shore Container Cranes: A
Review of State-of-the-Art," FME Transactions, Vol. 33,
pp. 111-21.
[4] Auernig, J.W. and Troger, H., 1987, "Time Optimal
Control of Overhead Cranes with Hoisting of the Load,"
Automatica, Vol. 23, pp. 437-446.
[5] Moustafa, K.A.F. and Ebeid, A.M., 1988, "Nonlinear
Modeling and Control of Overhead Crane Load Sway,"

9

Copyright © 2009 by ASME

ASME J. of Dynamic Systems, Measurement and
Control, Vol. 110, pp. 266-271.
[6] Butler, H., Honderd, G., and Amerongen, J.V., 1991,
"Model Reference Adaptive Control of a Gantry Crane
Scale Model," IEEE Control Systems, Vol. 11, pp. 57-62.
[7] Sorensen, K., Singhose, W., and Dickerson, S., 2007, "A
Controller Enabling Precise Positioning and Sway
Reduction in Bridge and Gantry Cranes," Control
Engineering Practice, Vol. 15, pp. 825-837.
[8] Smith, O.J.M., 1958, Feedback Control Systems,
McGraw-Hill, New York.
[9] Singer, N.C. and Seering, W.P., 1990, "Preshaping
Command Inputs to Reduce System Vibration," Journal
of Dynamic Systems, Measurement, & Control, Vol. 112,
pp. 76-82.
[10] Singer, N., Singhose, W., and Kriikku, E., 1997, "An
Input Shaping Controller Enabling Cranes to Move
Without Sway," in ANS 7th Topical Meeting on
Robotics and Remote Systems, Augusta, GA, pp. 225-31.
[11] Starr, G.P., 1985, "Swing-Free Transport of Suspended
Objects With a Path-Controlled Robot Manipulator," J.
of Dynamic Systems, Measurement and Control, Vol.
107, pp. 97-100.
[12] Singhose, W. and Kim, D., 2007, "Manipulation with
Tower Cranes Exhibiting Double-Pendulum
Oscillations," in IEEE Int. Conf. on Robotics and
Automation, Rome, Italy.

[13] Singhose, W., Kim, D., and Kenison, M., 2008, "Input
Shaping Control of Double-Pendulum Bridge Crane
Oscillations," ASME J. Dynamic Systems, Measurement,
and Control, Vol. 130, pp. 1-7.
[14] Singhose, W., Porter, L., Kenison, M., and Kriikku, E.,
2000, "Effects of Hoisting on the Input Shaping Control
of Gantry Cranes," Control Engineering Practice, Vol. 8,
pp. 1159-1165.
[15] Kim, J.K., 2009, Design of Silo Crane for Radioactive
Wastes Storage Facility, Hyosung C&P Inc., Design
Report HSCP-NM-001.
[16] Shigley, J., Mischke, C., and Budynas, R., 2003,
Mechanical Engineering Design, McGraw-Hill, New
York.
[17] Tallman, G.H. and Smith, O.J.M., 1958, "Analog Study
of Dead-Beat Posicast Control," IRE Transactions on
Automatic Control, pp. 14-21.
[18] Smith, O.J.M., 1957, "Posicast Control of Damped
Oscillatory Systems," Proceedings of the IRE, Vol. 45,
pp. 1249-1255.
[19] Singhose, W., Seering, W., and Singer, N., 1994,
"Residual Vibration Reduction Using Vector Diagrams
to Generate Shaped Inputs," J. of Mechanical Design,
Vol. 116, pp. 654-659.
[20] Lawrence, J., Singhose, W., Weiss, R., Erb, A., and
Glauser, U., 2006, "An Internet-Driven Tower Crane for
Dynamics and Controls Education," in IFAC Symp. on
Control Education, Madrid, Spain.

10

Copyright © 2009 by ASME

