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1. Introduction

Cranes occupies a crucial role within industry. The improvement of cranes operational effectiveness can be extremely
valuable. However, the payload suspended by cables is highly flexible in nature. Payload oscillation induced by motions
of the support unit or external disturbances, such as wind is a major limitation.

The techniques proposed for anti-swing crane control include feedforward and feedback control. The feedback techniques
generate the control command based on the crane measurements [1-7]. The fuzzy control [8], adaptive control [9], and pre-
dictive control [10] have been studied for the crane with parametric uncertainties and external disturbances. However,
because almost all the cranes are operated by human, the feedback technique can causes the fundamental conflict between
human and computer. To reduce the payload swing, the input command is adjusted continually by both human operator and
feedback controller, which can cause unexpected conflict motions [11-15]. The feedforward techniques, on the other hand,
modify the command before sending to the crane motors. The input shaping, a typical open-loop technique, is implemented
by convolving a series of impulse, called the input shaper, with the reference command [11-15]. Although do not require the
sensors, the input shaping cannot counteract disturbances or initial conditions due to its open-loop nature [16,17]. A recent
comprehensive review of both feedback and feedforward control of crane can be found in Ref. [18].

The rather more conventional passive damping systems are introduced to control the payload swinging in some recent
studies [19,20,21]. The radial spring-damper is a typical type of passive system can be used in anti-sway crane control
[20,21]. It works in the principle of nonlinear Coriolis damping. The radial spring-damper is mounted in-line, between
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the crane hook and the payload. Practically, the large payload weight should be the problem for introduction of additional
mechanical device. However, in fact, some suppliers [22,23] supplied device called Passive Heave Compensation, which is the
cylinder filled with gas, used to absorb shock in the crane’s cable. This can be modeled as a combination of gas spring and gas
damper. The problem of mechanical stress in spring can be avoided for this type of radial spring-damper.

In comparison with the feedback control, the passive approach has limited effectiveness. However, the passive system is
simple in application and can be used as a secondary system to improve main control systems. Obviously, the technique does
not rely on sensors should be the combination between the passive systems and the input shaping techniques.

The purpose of this paper is to introduce a combination of radial spring-damper with input shaping technique to control
the tridirectional vibration of the crane payload induced by both human operators and initial conditions. Tridirectional vibra-
tion includes the vibration of tangential sway, radial sway and cable tension. The paper reveals that a single spring-damper
system can simultaneously produce three dampings for those three vibrations. Each of three driving commands to a boom
crane can be shaped for each of payload’s degree of freedom. The paper includes two main parts. First, the effect of input
shaping and radial spring-damper are clearly explained. Then the effectiveness of the combination is verified numerically
and experimentally.

2. Problem statement

The concept of combination of input shaping and radial spring-damper to reduce the tridirectional vibration of a crane
payload is shown in Fig. 1.

If the command from the crane operator is sent directly to the motor to move the crane, the oscillatory response is
induced. Instead of that, the operator command is convolved with a series of impulses, called the input shaper, before send-
ing to the motor. The general input shaper can be diagrammatized as shown in Fig. 2.

In Fig. 2, the gain blocks correspond to the impulse amplitudes, A; while the time delay blocks correspond to the impulse
time locations. In this paper, for the demonstration purpose, two simplest input shapers are considered: the zero vibration
(zV) shaper and the zero vibration and derivative (ZVD) shaper [13]. They are represented as:

- [3]-[5 &)
o [4] 02 92 02

where o is the natural frequency of the system modeled as a second order harmonic oscillator. A major advantage of the
input shaping technique is that they do not require the sensors. However, they are lack the ability to handle external distur-
bances or initial conditions. In Ref. [20], a radial spring and damper is proposed to limit the free vibration induced by initial

Sway angle
Disturbance
AM nﬂM > -
time
0 T
Cable tension
> Motor [—]
time
o
Sway angle
Disturbance
Input — 9 T time
shaper

Cable tension

gl Motor [——™
_| time

Fig. 1. Combination of input shaping and radial spring and damper.
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Fig. 2. Input Shaper represented by block diagram.

condition. In Ref. [21], the radial spring and damper can also reduce the sway angle induced by random disturbance. More-
over, because the spring-damper is mounted between the hook and the payload, it can partly prevent the payload’s radial
oscillation from transmitting to the cable, which reduces the fluctuation of the cable tension.

To clearly explain the mechanism of the spring and damper, consider the mathematical model of a boom crane attached
with spring and damper as shown in Fig. 3.

The payload’s sway motion induces the centrifugal force. The payload is connected to the hook through a spring-damper
combination, which excites the payload’s radial motion. The Coriolis damping produced by this radial motion acts on and
reduces the payload’s sway. Moreover, the damper also produces damping in radial direction to attenuate the fluctuation
of the cable tension. In this way, a single damper can simultaneously produce three dampings in three directions.

To highlight the nature of each component in the combination approach, let’s make the following assumptions:

- The payload’s weight is large enough to ignore the spring-damper’s weight.
- The cable’s stiffness is large enough to ignore the cable’s deformation.

Some symbols used in the model are shown in Fig. 3 and are explained in Table 1.

The position of the payload (xp,yp,zp) is obtained as:
Xp = —Lysinocos f — (L3 + u)(sin o sin 0, — cos o sin 07 cos 0,)
¥p =Ly cosacos B+ (L3 + u)(cos asin 0, + sin o sin 04 cos 0,) (3)
zp = Ly + Ly sin p — (L3 + u) cos 0; cos 6,

Radial Spring
& Damper

Fig. 3. Symbols used in the boom crane model.

Table 1

Description of symbols in Fig. 3.
Symbol Description
m Payload’s mass
k, c Spring and damper coefficients
01, 03 Tangential pendulation and radial sway
Ly, Ly Lengths of vertical column and boom
Ls Hoist’s length in static condition
o B Slew angle and luff angle
u Radial motion measured from static position
g Acceleration of gravity

M;j, M> Components of external (non-gravitational) moment vector
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The dynamic model for this boom crane is derived by using Lagrange-Euler’s method. After some manipulations, three
Lagrange equations of motion reduce to:
(L + u)(0; cos 0, — G cos 0; sin 0, — 20,6, cos 0, cos 0, — &2 sin 01 cos 0, cos O — 2010, sin 0,) + 2(Ls + 11)(; cos 0,
— 6c0s 0 sin ) — L, cos 01 cos f — Ly % sin sin 01 + 2L,6,8 cos 0; sin  + L, cos #sin 6; + g sin 0;
~ m(Ls + u) cos 0,

(Ls + u)(0; + 20, 6.cos 0; cos® 0, + & sin 6; — 62 cos 0, sin 0, cos? 01 + 02 cos 0, sin 0y) + 2(Ls + 1) (6 sin 6; + ;)
— L, cos B cos 0, — L,&% cos fcos 0, — L, 3 sin B cos 0; sin 0, + g cos 0; sin 0, + L, 3 cos B cos 0, sin 0,

S . - . . . M,
— 2L, sin fsin 0y sin 0, — Ly B sin fcos 0, + Lyatcos fsin by sinfy = ————
20psin B 1 b — Lypsinf h + Ly p 1 P m(ls + 1)

.k c. 62 cos? 0 cos? 0; — 02 — 240, sin 6,

U+—u+—u+(Ls +u) . o .
m - m —02 + 266 sin 6 cos 0 cos 0, — 03 cos? 0, ©)

— Ly(62 + B?) cos Bsin 0y — Ly cos fsin 04 cos 0y — L, ff cos fcos 0, cos 0,

+ Ly /8% sin B cos 0 cos 0, + L3 — Ly sin Bsin 6, + 2L, 08 sin fsin 6; cos 6, + g(1 — cos 0; cos ;) = 0

One can see that the equation of motion describing tridirectional motion of the payload is nonlinear and complex. The
simplified dynamic of boom crane model is obtained by assuming the small velocities and accelerations of slew, luff angles
and hosting length, small angles, velocities and accelerations of sway, small displacements, velocities and accelerations of

radial motion. Retaining the first order of 0y, 01, 01, 0s, 02, 02, &, &, B, B, Ls, L3, i1, i, u simplifies (4), (5) and (6) to:

— M
L30; —LzO{COSﬁ+g0] 7m—L3 (7)
. . M,
L392 +g9271,2[))51['lﬁ—rr‘7L3 (8)
u+£u+£u—LBcosﬁ+i =0 9)
m m 2 3 =

The linearized Eqgs. (7) and (8) show that the accelerations of slew and luff angles drive the sway angles. That means the
input shaping can be applied to the slew and luff signals, using the natural frequency of the pendulum. The remaining Eq. (9)
indicates that the radial motion is affected by the accelerations of luff angle and hoisting length. Therefore, the input shaping
can be applied to the hoisting signal, using the natural frequency of the mass-spring system. Moreover, in the first order,
there is only the presence of radial damping but not sway damping. That means the sway damping is indeed nonlinear
[20,21].

Consider the case that the crane is in rest position & =& =p=pf=1I[3=0[3=0. To the second order of
01,04,04,05,0,,0,,i1,11,u, Egs. (4), (5) and (6) reduce to:

) g M

(L§ +2L3u)91 + 2Lyl + (Ls + u)gh = - (10)
) g M

(L§ + 2L3u) b + 2Lty + (Ls + w)ghy = —2 (11)

.k c. . . g

u+au+au43(eg+0%)+j(0§+0§)=0 (12)

These equation was studied in Ref. [21], where the terms 2L;i16; and 2L5;i16, produce the Coriolis dampings to reduce the
sway motion. The results in Ref. [21] indicate that the frequency ratio between the mass-spring system and the pendulum
should be near 2, i.e.:

Tk g
r= E/\/%Nz (13)

where r is the frequency ratio. Moreover, the relations between three damping ratios are also presented [21]:
Si2r'( + 8UrPL + 807r? — 3r2(; + 30 + 4¢ + 160°( + 164¢

(i=
MPL0* (12 + 427 + 405) (2 - 4)° + 1612 + 8120 + 160 + 3204 )

(i=12) (14)
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where S; (i =1, 2) are the intensities of the white noise moments M; (i=1, 2), {; (i=1, 2) are two sway damping ratios, { is
radial damping ratio determined as:

<
T 2mw

¢ (15)
where o is the natural frequency of pendulum. The formulas (14) also show the following relation between the dampings. If
the radial damping is too large ({ = o) or too small ({ = 0) then the sway dampings (Coriolis dampings) ¢; (i=1, 2) tend to
Zeros.

3. Numerical demonstration

In order to demonstrate the effectiveness of the combination approach, a boom crane model is simulated independently
using the software RECURDYN [24]. The model’s parameters are taken from [25] as follows: L; = 0.627 m, L, = 0.845 m, m =
1.5 kg. The crane model in RECURDYN is shown in Fig. 4.

The spring is chosen such that r (defined in Eq. (13)) is equal to 2. The damper is chosen such that { (defined in Eq. (15)) is
equal to 60%. The velocity commands are also taken from [25] and shown in Fig. 5.

The complex motion is defined as follows:

- In the first period from 0 to 3.5 s, the slewing base rotates from the position o = 0, the boom rotates in vertical plane from
the position g = 30°, the hoisting length increases from the position L3 = 0.9 m

- In the second period from 3.5 s to 7 s, the slewing base continues rotating to the position « = 90°, the boom rotates from
the position g = 50° to the initial luff angle, the hoisting length decreases to the initial length.

Fig. 4. Crane model in RECURDYN.

Hoist rate (cm/s) == Slew rate (deg/s) = Luff rate (deg/s)
)|

J

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fig. 5. Commanded velocities.
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The ZV input shaper (1) is applied to three commands using the natural frequencies in the linearized model (7), (8) and
(9). The initial length is used to determine the frequency. It is noted that the parameters of the input shaping and spring-
damper are determined from the case of constant pendulum length. The numerical simulation of varying hoisting length,
therefore, also checks the robustness of the parameters chosen. The shaped commands are shown in Fig. 6.

The disturbance is demonstrated by the payload’s initial velocity. This type of initial condition can be the result of a short
and large wind gust. For demonstration, we take the initial velocity as a three-component vector = [1,1,0] m/s. The effective-
ness in reducing tridirectional vibration is evaluated by two indexes: the cable tension and the sway angle (measured from
the vertical). The comparisons are shown in Figs. 7-10.

Some following remarks can be drawn:

-== Hoist rate (cm/s) == Luff rate (deg/s) == Slew rate (deg/s)
10.0
50§
0.0
-5.0
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Fig. 6. Shaped velocity profiles.

=== Shaping off, no damper (N) — Shaping on,no damper (N) == Shaping on, with damper (N)

Time (s)

Fig. 7. Cable tension resulting from crane motion.

== Shaping off,No damper (deg) == Shaping on,With or Without damper (deg)
6
5 /\ /\ /\
| VA
: Vo\
1
0°
0 2 4 6 8 10
Time (s)

Fig. 8. Sway angle resulting from crane motion.
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=== Shaping off,no damper (N) Shaping on,no damper (N) == Shaping on,with damper (N)

Time (s)

Fig. 9. Cable tension resulting from crane motion and gust disturbance.

== Shaping off,;no damper (deg) Shaping on,no damper (deg) == Shaping on,with damper (deg)

Time (s)

Fig. 10. Sway angle resulting from crane motion and gust disturbance.

- Without disturbance, the damper’s effect in reducing the sway angle is not clear (Fig. 8). The reason is that the input shap-
ing significantly suppresses the deflection to the linear region, in which the damper has little effect. However the change
of the cable tension is smoother thanks to the damper (Fig. 7).

- With disturbance, the input shaping cannot deal with the disturbance but the damper can attenuate the induced vibration
(Figs. 9 and 10).

- The radial damper only shows effect for the large sway. For a small sway, the radial damper is not good but does not wor-
sen the performance (Fig. 8). If the practical target is to keep the sway below a certain level, the radial damper can have its
practical advantage.

- In any case, the combination proposed shows its good effectiveness. This is due to the combined advantages of two
components.

4. Experimental verification

A simple experiment is set up to demonstrate the effectiveness of the proposed approach. Fig. 11a-b presents the setups
used.

In Fig. 11a, the experimental model has a 0.846 m boom’s length and 1 kg payload. A digital camera is mounted at the tip
of the boom through a four-bar mechanism and records the swing deflection of the payload. The payload is painted black for
image processing. The spring-damper mechanism is shown in Fig. 11b. Some magnets are used to provide the magnetic
damping of the mechanism. The natural frequency of the pendulum is about 3.88 rad/s while the natural frequency of the
mass-spring system is about 10.1 rad/s. The spring is not truly optimized as desired (see Eq. (13)). The optimized spring
should be softer, which requires some special treatments to limit the static deflection. For example, the preload spring or
gas spring can be used. In this experiment, although the simple spring is not optimized, some attenuation effects are still
observed. The magnetic damping is about 13%.

The sway motion induced by initial angle is shown in Figs. 12-15 in both horizontal and vertical planes. The vertical
motion induced by initial vertical displacement is also shown in Fig. 16. It is noted that when the crane does not move,
the input shaping technique (and any other control schemes based on the crane motion) cannot be used. Therefore, in
Figs. 12-15, only two cases of with and without damper are compared.
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Fig. 11. Boom crane (a) and spring-damper mechanism (b).

|----Nodamper Withdamper|

30

cm

10

Fig. 12. Payload’s orbit in horizontal plane, free vibration.

The results show that the radial spring-damper can produce damping in both horizontal plane (Fig. 13) and vertical direc-
tion (Fig. 16). As explained in Section 2, this single damper can simultaneously produce three dampings in three directions.

The effect of the combination of input shaping and radial spring-damper can also be seen by rotating the crane base. A
trapezoidal-velocity profile (bang-coast-bang acceleration) is used to drive the crane. The slewing velocity rises to 2 rad/s
in 0.1 s. Then the base rotates at this velocity in 3 s. Then the velocity decreases to zero in 0.1 s. The ZVD shaper (2) is used
for demonstration. The comparisons of orbits in horizontal plane and deflections in two horizontal directions are shown in
Figs. 17-19. The comparison of sway angle (measured from vertical) is plotted in Fig. 20.

One can see that the input shaping can significantly reduce the sway motion while the radial spring-damper makes some
more improvements. As seen in Fig. 20, when the sway angle is still large (before 12 s), apart from the reduction given by the
input shaping, the spring-damper adds some more reduction to the sway angle. After 12 s, the sway angle is quite small that
the damper also has little effect. After 12 s, with damper, the X-deflection is even higher than that of without damper
(Fig. 18). However, the sway angle in Fig. 20 shows that the difference is very small. The practical advantage of the damper
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- - - No damper (cm) —— With damper (cm) |

0 Time (s) 10

Fig. 13. Payload’s deflection in horizontal plane, free vibration.

- = = +No damper —Withdamper|
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10 70
Fig. 14. Payload’s orbit in vertical plane, free vibration.
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Fig. 15. Payload’s height, free vibration.
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Fig. 16. Vertical motion of payload induced by initial vertical displacement.

| - = - - Shaping off, No damper — — Shaping on, No damper == Shaping on, With damper
35
6 o ®
R
- e - - b - . .
20 + I — T
15 + = ey
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5 T t‘--I;
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10 15 20 25 30 35 40 45 50

Fig. 17. Payload’s orbit in horizontal plane, sway induced by slewing.

| - - -+ Shaping off. No damper == Shaping on, No damper === Shaping on, With damper

10 1 - 1
5 10 Time (5) 15 20

Fig. 18. Horizontal X deflection, sway induced by slewing.
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- - - Shaping off. No damper === Shaping on, No damper === Shaping on, With damper |

5 10 Time () 15 20

Fig. 19. Horizontal Y deflection, sway induced by slewing.

- - Shaping off,. No damper === Shaping on, No damper == Shaping on, With damper

20

15 + '

Fig. 20. Sway angle induced by slewing.

is: the damper does not worsen the small sway (after 12 s) but significantly reduce the large sway (before 12 s). The exper-
iment’s results verify that the combination approach can reduce the payload’s sway induced by both human operators and
initial conditions.

5. Conclusions

The novelty of this paper is to propose and analysis of the combination between two sensorless approaches to reduce the
tridirectional vibration of a crane payload. The first approach uses the input shaper to reduce the motion induced by oper-
ator. The second approach uses a radial spring-damper to produce three dimensional damping. The numerical and experi-
mental analyses show that the proposed combination can effectively reduce the oscillatory responses induced by both
initial condition and human operator.
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