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ABSTRACT. In manufacturing industry of large cranes, the operational easiness is crucial
due to being shortage of skilled operators. Large cranes are being made lighter to improve
their transportability. However, a reduction in the rigidity of a tower due to the light
weight of its components makes the tower boom more prone to vibration due to torsional
elastic deformation, reducing the operability of the crane. In this study, the torsional
stiffness of the tower, the rope length, and the mass of load were varied to analyze the
effect of vibration due to tower elasticity on the operator’s load-sway suppression. The
torsional stiffness required to improve the operability was determined using the average,
variance, and maximum of the signal amplification gains at the secondary vibration fre-
quency. Additionally, an experimental crane was designed to confirm the validity of the
obtained analytical results. Human operators performed manipulation experiments, and
statistical evaluations were used to confirm that the proposed optimum torsional stiffness
was effective in improving the operability.

Keywords: Large tower crane, Tower boom stiffness, Optimization, Load-sway sup-
pression, Crane operability

1. Introduction. Large cranes are widely used to handle heavy loads by skilled opera-
tors at various construction sites because of their versatility. Hence, the maintenance and
operation easiness is important in their design and manufacturing due to being shortage
of skilled workers [1]. A large crane consists of a lower traveling body, upper slewing
body, counterweight, gantry, tower boom (hereinafter called “tower”), and jib (Figure 1).
Large cranes are increasing in size to meet high capacity demands, and some cranes with
maximum lifting capacities exceeding 1,000 tons are in use. Generally, large cranes are
transported in components and are disassembled and assembled at the site where they
will be used. The maximum loading weight limit for trailers in Japan is lower than that
in other countries; therefore, weight reduction in components must improve transporta-
bility [2, 3, 4, 5]. Elastic vibration will be a problem in the operation because there is a
trade-off between weight reduction and attachment (i.e., jib and tower) rigidity. Large
crane attachments are made of trusses with high compressive stiffness but low torsion-
al stiffness. Because the jib is connected to the tower in a horizontal position, tower
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FIGURE 1. Schematic of a tower crane

Torsional
displacement

F1GURE 2. Torsional displacement of a tower

torsion occurs (Figure 2). If the load-sway contains a tower vibration mode (hereafter
the “second-order mode” because the first mode corresponds to the load-rope system),
load-sway suppression by operators becomes difficult. Additionally, from the operator’s
room, the operator can see only the load-sway, not the jib-sway, making it difficult to
suppress the load-sway. Therefore, it is desirable to synchronize load-sway and tower tor-
sion by design. In other words, a design that reduces the second-order vibration mode is
required. There exist mechanical design approaches to vibration suppression by consider-
ing the stiffness. For example, Zhou et al. proposed to suppress mechanical vibration in
a wind power generation system by using the stiffness of the transmission chain [6]. Wu
et al. suppressed the lateral vibration of a steel rope by changing the stiffness of a guide
shoe in a high-speed elevator [7]. In this paper, a design method of torsional stiffness of
towers for operational easiness considering load-sway suppression is investigated. Many
studies have been conducted on software approaches to load-sway suppression for cranes;
for example, load-sway reduction by feedforward control [8, 9, 10, 11], feedback control
(12, 13, 14, 15, 16], and controller design combining them, optimal control of load-sway
and load handling time using a linear transfer model [17], control based on linear ma-
trix inequality optimization for robustness against rope length variation [18], control to
provide the robustness to disturbances [19], high-performance nonlinear control to track
specified load-sway suspension trajectory [20], load-sway suppression considering the tor-
sional stiffness of the tower [21], nonlinear control without velocity feedback [22], adaptive
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nonlinear control 23], energy-shaping-based nonlinear control [24], and open-loop control
by only horizontal boom motion [25]. However, for large cranes, implementations of these
automatic controllers are still difficult because of issues on safety including emergency
stop functions, sensor installation and actuator hydraulic properties [26, 27, 28]. Hence,
this study focuses on the improvement of manual operation easiness by hardware design
optimization. The instability caused by attachment stiffness has also been studied. Azel-
oglu et al. [29] confirmed that the finite element analysis of a scaled physical model of a
lattice structure boom can yield a more accurate frequency response of the crane. Kong
et al. [30] used the co-rotating finite element method to analyze the geometric nonlinear
elastic instability of a lattice boom structure and confirmed that the unstable load of a
tower crane boom can be observed by monitoring the derivative of the displacement and
the sudden change in the singularity of the tangential stiffness matrix. Many studies have
been conducted to suppress load-sway through software, but few studies have been con-
ducted to suppress it through mechanical design. In this study, we focus on the torsional
rigidity of a tower and consider a torsional rigidity design method that makes it easy
to suppress residual load-sway. Load-sway motion is divided into two directions; radial
and tangential sway to boom rotational circular direction. In most studies, the radial
load-sway is controlled by the jib hoisting and lowering the motion, and the tangential
direction by the boom rotational motion [31, 32]. Load-sway in the radial direction is
small because large cranes are transported at low speeds for safety reasons. This study
considers only the tangential load-sway.

In this study, we propose a method for optimizing the operability of a crane by reducing
second-order mode vibration, which varies with the rope length and load mass, and we
verify the effectiveness of the method through experiments. The dynamic model of the
crane that was used in the simulation considering tower torsion is described in Section 2.
The optimization of the tower torsional stiffness to improve the operability is described
in Section 3. An experimental system with an elastic joint added to the main body to
evaluate the operability of the designed torsional stiffness is described in Section 4. Section
5 presents the results of human manipulation experiments and discusses the effectiveness
of the optimization. Finally, Section 6 concludes the study.

2. Dynamic Model of Crane Considering Tower Torsion.

2.1. Actual crane motion characteristics. This section presents the characteristics
of a commercial crane and discusses the effects of stiffness based on jib behavior and load-
sway due to tower torsion. Table 1 shows the crane parameter values, and the attachment
posture of the commercial tower crane (Kobelco Construction Machinery 7120G-2) whose
behavior was measured as shown in Figure 3.

Figure 4 shows an example of the behavior of a commercial tower crane. The rota-
tion speed w in the tower changes in the following order: gradual acceleration, constant

TABLE 1. Parameter values of the tower crane in Figure 3

Item Symbol [Unit] Value

Tower length L; [m] 51.7

Jib length L; [m] 44.2

Rope length [ [m)] 64.8
Tower undulation angle 0; [deg] 89
Jib undulation angle g, [deg] 20

Load mass m [ton] 2.8
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FIGURE 4. Load-sway and tower torsion of a tower crane

speed, and rapid deceleration. The load-sway (displacement z;), and the tower torsion
(displacement x5) are shown in the figure. Displacements and angular velocity w were
normalized.

The tower is designed such that the tower torsion is synchronized with the load-sway
based on the measurement results of commercial tower crane behavior. If the load-sway is
not synchronized with the tower torsion, crane operation becomes difficult for operators.

2.2. Liner dynamics model. The nonlinear dynamics model used in [21] (hereinafter
the “nonlinear model”) was used in the simulation. Figure 5 compares the results of
the nonlinear model with the behavior of the commercial crane when rotational angular
velocity w is given (Figure 4). The results agree well with each other (Figure 5), confirming
the effectiveness of the nonlinear model. Load-sway in the radial direction is small because
large cranes are transported at low speeds for safety reasons. Therefore, the dynamics
model used in the following analysis does not consider the radial direction, but only the
load-sway in the rotational direction as well as the tower torsion.
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Figure 6 shows a crane model with tower torsion whose linear dynamics are given
in Equation (1), where notations and parameters values are shown in Table 2. Figure
7 compares the results of the analysis using the linear and nonlinear models with the
behavior of a commercial crane. The linear model agrees well with the behavior of the
actual one, confirming its validity.

FIGURE 6. Crane model with load-sway and tower torsion

TABLE 2. Notations and values in the dynamics model in Equation (1) and

Figure 6
Item Symbol [Unit] Value
Load-sway angle 0, [deg] —
Tower torsional angle 6, [deg] -
Angle and angular velocity vector =z [rad, rad/s] -
Input actuator angle u [rad] -
Total inertia (Tower and Jib) I, [kgm?] —
Inertial parameter I [kgm?] —
Tower mass my [ton] 12.8
Jib mass m; [ton] 3.8
Load mass m [ton] 2.8
Rope length [ [m)] 56.4
Tower length L; [m] 51.7
Jib length L; [m] 44.2
Tower undulation angle 0, [deg] 89
Jib undulation angle g, [deg] 20
Elastic constant K [kNm/rad] 3000
Gravitational acceleration g [m/s?] 9.8

3. Optimization of Tower Torsional Stiffness for Improved Operability. As de-
scribed in Section 1, when the load-sway and tower torsion are not synchronized, it is
extremely difficult to perform anti-sway operations in large cranes because the crane op-
erator cannot see the tower torsion but only the load-sway. Therefore, in the design, the
signal amplification gains of the second-order mode corresponding to tower torsional vi-
bration must be reduced. For example, when the torsional stiffness K = 2.6 x 103 [kNm/



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.19, NO.3, 2023 705

100

50

0

-50

Displacement rate [%]

-100

0 10 20 30
Time [sec]
—— Experiment — —-Non-linear simulation
—-— Linear simulation

()

100

50

Displacement rate [%]
(e

-50
-100
0 10 20 30
Time [sec]
—— Experiment — —-Non-linear simulation

—-— Linear simulation
(b)

FIGURE 7. Comparison of actual crane and simulation results: (a) Load-
sway angle and (b) torsional angle

rad] in Equation (1), the second-order mode is prominent (Figure 8(a)). However, it can
be reduced when K = 2.6 [kNm/rad] (Figure 8(b)), enabling the operator to control
load-sway.

The second-order mode gain depends not only on K but also on rope length [ and load
mass m, both of which may be changed at the work site. Therefore, it is desirable to
achieve a robust optimization design that suppresses the second-order mode gain as much
as possible for varying [ and m. Example of calculation results of the second-order mode
gain for a laboratory small crane, which is explained in detail later in Section 4, are shown
in Figure 9. A total of 171 conditions, in which [ is varied from 1.5 to 3 [m] in 0.1 [m)]
increments, and m is varied from 1 to 3 [kg] in 0.2 [kg] increments, are applied to Equation
(1). These calculations were performed in 46 different conditions with K ranging from 10
to 250 [Nm/rad] in increments of 10 [Nm/rad].

As mentioned above, the second-order mode gain should be minimized to improve the
operability. Here, we consider the following three gain minimization problems:

K ape = argminGl,. (K, [, m) (5)
K

Ky = argminG o, (K, [, m) (6)
K

Knax = argminG . (K, [, m) (7)

K
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where Gue, Guoar and Ga, are the average, variance and maximum of second-order
mode gains over considered rope length and load mass, and K., Ko and K., are
obtained torsional stiffness by minimization, respectively under dynamics Equation (1).
The second-mode frequency can be obtained by applying parameter values [ and m to
the state matrix in Equation (1) and find its eigenvalues. Because Equation (1) does not
include the viscous friction, the eigenvalues are conjugate imaginary ones, and eigenvalues
with larger magnitudes correspond to the square of the second-mode angular frequency.
Using this angular frequency, we can calculate the corresponding gain of the linear system
in Equation (1). By changing [ and m for all the defined region, we can calculate the aver-
age, maximum and variance of the gain of the linear system in Equation (1) numerically.
By using these average, maximum and variance of the gain as objective functions, we
can solve Equations (2)-(4) by nonlinear programming techniques such as the sequential
quadratic programming.
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F1GURE 8. Elimination of the second-order mode by changing the torsional
stiffness: (a) K = 2.6 x 10? [kNm/rad] and (b) K = 2.6 [kNm/rad]

Here we not only calculate the minimum value, but also plot the gain diagram as shown
in Figure 10 to see the relationship of the obtained minimum values. Figure 10 shows
(a) the average, (b) variance, and (¢) maximum of the second-order mode gains, where
Ly =22 [m], L; = 2.0 [m], my = 36 [kg] and m; = 3.2 [kg] are used considering the
experiment in Section 4. Three optimal candidates of torsional stiffness K = 10, 110, and
200 [Nm/rad] were selected.

4. Experimental System.

4.1. Design of an experimental crane considering tower torsion. Because a com-
mercial crane is huge, with a rope length of approximately 55 [m], an experimental system
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FIGURE 9. Simulation results of gains for the second-order mode: (a) K =
10 [Nm/rad], (b) K =100 [Nm/rad] and (c¢) K = 250 [Nm/rad]

(hereinafter a “small crane”) was designed with torsional rigidity for a safe experiment.
The small crane is 1/21 scale of the commercial crane, and its configuration is shown
in Figure 11. The parameter values of the small crane in Figure 11 are shown in Table
3. To confirm the validity of the small crane and the commercial crane, the dynamics
introduced in Section 2 was used. A comparison between the analytical and experimen-
tal results obtained by inputting a trapezoidal velocity trajectory with a cycloid curve
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whose terminal velocities and accelerations are 0 [rad/s?] for acceleration and deceler-
ation periods is shown in Figure 12. The experimental results are consistent with the
simulation, and considering Figure 5, it is confirmed that the small crane can simulate
the characteristics of the commercial crane.

For small cranes, the rope and mass of the load can be changed. The “spring mecha-
nism” between the motor output shaft and the tower, whose details are given in the next
section, can simulate tower torsion, and the torsional rigidity can be changed by replacing
the spring. Figure 13 shows the real-time measurement system for small crane motion us-
ing eight motion-capture cameras installed on the safety fence. The small crane is driven
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TABLE 3. Parameter values of the experimental crane in Figure 11

Item Symbol [Unit] Value
Tower length L; [m] 2.2
Jib length L; [m] 2.0
Rope length [ [m] 1.5, 2.8
Load mass m [kg] 2.0, 3.0
Jib mass m; kg 3.2
Tower mass my [kg] 36.0
Moment of inertia about z-axis (Tower and Jib) I, [kg m?] 54.95
Moment of inertia about z-axis (Tower and Jib) I, [kg m?] 2.19
2 10
A 75 %
= £
> :
£ 0 Sz
g 25 F
A
2 0
0 5 10 15
time [sec]
Experiment — - -Simulation = — — Angular velocity

FiGUuRrE 12. Comparative simulation results of commercial and experimen-
tal cranes
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F1GURE 13. Motion capture camera placement

by a DSP (Digital Signal Processor) system that sends a velocity command voltage to the
servo driver based on a pre-defined crane’s angular velocity profile or lever operation.

4.2. Spring mechanism. In this study, a spring mechanism was installed between the
servo motor and the tower to simulate the tower torsion in the commercial crane (see Fig-
ure 14). The approximate torsional stiffness of this mechanism was calculated as follows.

K = K,I? (8)
where notations are given in Table 4. Experimental verification was conducted under the

following three conditions based on the torsional stiffness examined in Section 3: K = 10
[Nm/rad], 110 [Nm/rad], and 200 [Nm/rad].

A .

FIGURE 14. Spring mechanism installed between the tower and its drive motor

TABLE 4. Parameter values of the selected springs

Item Symbol [Unit] 1 2 3
Distance between tower rotational axis
: : ) ls [mm] 115
and spring force affecting point
Linear stiffness of the spring in Figure 14 K, [N/mm| 0.8 8.3 15.1
Experimental torsional stiffness K [Nm/rad] 10 110 200
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5. Experiment.

5.1. Experimental conditions. The following two tasks were assigned to the opera-
tors: 1) to transfer the load in consideration of residual load-sway and 2) to stop the
existing load-sway at the desired position, as described in the following subsections. The
experimental conditions are shown in Table 5. The torsional stiffness, rope length, and
mass of the suspended load were varied in the experiment, and measurements were taken
five times for each condition. The mean and standard deviation of the task completion
time and the required time for load-sway suppression, as well as the operator’s subjective
evaluation, were used to evaluate the operability of the cranes. To simulate the operator’s
view in the commercial crane, the operator operates the small crane using only the camera
image shown in Figure 15.

TABLE 5. Experimental conditions

Item Symbol [Unit] Value

10
110
200
00
1.5
2.8
2.0
3.0

Torsional stiffness K [Nm/rad]

Rope length [ [m]

Load mass m [kg]

FIGURE 15. Operator’s view and assigned task in the experiment

5.2. Experiments of load transfer. The operability of the cranes in transferring loads
was compared. An experiment was conducted with four students assuming unskilled op-
erators to investigate the effect of the spring stiffness obtained in the calculation described
in Section 3 on the operability of cranes. In addition to the three spring stiffnesses, a con-
dition assuming a rigid body (K = oo) that drives the tower directly from the servomotor
without a spring (Figure 14) is considered. As shown in Figure 15, the operator was asked
to rotate the tower to move a load to a white area at a goal position 75 [deg] away. The
operator was asked to move the load between the two black lines (distance between the
lines: 100 [mm]) at the goal as quickly as possible and to stop the load in place. Each
of the four subjects underwent operations five times under each experimental condition.
The transfer operation times for all subjects are shown in Figure 16. The results of a t-test
performed to determine whether there is a statistical difference for each average of the
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FIGURE 16. Experimental results of load transfer

TABLE 6. p-values in t-test of load transfer time

Torsional stiffness [Nm/rad] 10 110 200 Rigid
10 — 1.88x107° 2.9x107'* 4.96 x 1076
110 - - 1.43 x107* 3.05 x 1078
200 - - - 0.0313
Rigid - - - -

load transfer time are shown in Table 6. The number of samples was 80, which is sufficient
for t-test [33]. The p-values for the conditions in each row against each column are also
shown in Table 6. Torsional stiffness was statistically significant at p-value < 0.05 for all
combinations of K = 10, 110, and 200 [Nm/rad], as well as the rigid body (Table 6). The
higher the torsional stiffness of the tower, the shorter the load transfer time (Table 6 and
Figure 16).

Figure 17 shows the average and standard deviation of the residual load-sway of the
four subjects. The results of a t-test for each average of the load-sway after load transfer
are shown in Table 7. The residual load-sway was the smallest when the torsional stiff-
ness was 10 [Nm/rad], which is considered easier to control than others. This is because
elasticity absorbs small load-sway. The highest load-sway angles and standard deviations
were observed in the rigid body condition. Additionally, the residual load-sway is reduced
for longer rope lengths overall.

5.3. Experiments on suspension of load-sway. As shown in Figure 18, initial dis-
placement (280 [mm] for [ = 2.8 [m] and 150 [mm] for [ = 1.5 [m]) was applied in the
tangential direction to the tower rotational circle to produce a load-sway of 0.1 [rad], and
operators were asked to stop load-sway operation. The time until the load was visually
stopped was measured from the camera image in Figure 15. Four subjects operated the
crane five times for each condition in Table 5.

Figure 19 shows the average, maximum, and minimum time staken by the four subjects
to complete the task. The results of t-tests to verify the statistical differences are shown
in Table 8.
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FIGURE 17. Residual load-sway of load transfer

TABLE 7. p-values in t-test of load-sway after load transfer

Torsional stiffness [Nm/rad] 10 110 200 Rigid

10 ~ 1.08x107% 895 x107% 2.36 x 10719

110 - - 0.589 0.0017

200 - - - 0.0099

Rigid — — — —

Jib
s
Load

Initial load-sway

F1GURE 18. Initial load-sway for suppression experiment

Figure 19 and Table 8 show that the highest suppression time on average is statistically
at 10 [Nm/rad]. There were no significant differences among others. Figure 20 shows the
residual load-sway after load-sway suppression. The results of the t-tests used to confirm
the statistical differences are shown in Table 9. The average residual load-sway is minimum
at a torsional stiffness of 200 [Nm/rad]. At low torsional stiffness, active anti-sway control
is difficult, resulting in a different trend than in the case of load transfer in Figure 17.

5.4. Subjective operability evaluation by questionnaire. After the work was com-
pleted, the subjects were asked to answer a usability questionnaire (5-point scale: best
5), and the results are shown in Figure 21. The following three survey items were used.

1) Transportability: Ease of transferring the load to the goal position
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TABLE 8. p-values in t-test of load-sway suppression time

Torsional stiffness [Nm/rad] 10 110 200 Rigid

10 - 0.037 0.041 0.077
110 - —  0.98 0.722
200 - - - 0.738
Rigid - - - -
0.5
o
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FI1GURE 20. Residual load-sway after operation of load-sway suppression

TABLE 9. p-values in t-test of load-sway after operation of load-sway suppression

Torsional stiffness [Nm/rad] 10 110 200 Rigid

10 - 0978 0.099 0.19
110 - - 0.18 0.283
200 - - - 0.051

Rigid - - -
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2) Followability: Good tracking in response to the lever movement
3) Load-sway suppression: Ease to stop the load-sway by lever action

Figure 21(a) shows that the higher the torsional stiffness in the questionnaire, the
higher the transfer, followability, and load-sway suppression properties. Figure 16 shows
that higher stiffness enables faster for the goal position. Figure 21(b) shows that the
rigid body has the highest value for load-sway suppression. A torsional stiffness of 200
[Nm/rad] is still rated higher in load-sway suppression, indicating that the higher the
torsional stiffness, the better the operability. Considering the results in Figures 17, 20,
and 21, a tower with some stiffness is easier to suppress the load-sway than a rigid case.
When the jib is pulled by the load, the torsional stiffness of the tower acts as a damper
against the load-sway. In the active load-sway suppression results in Figure 20, the highest
stable load-sway suppression was observed at a torsional stiffness of 200 [Nm]|, providing
the smallest variance of the second-order mode vibration gain (Figure 10(b)). Based on
the verification results, we concluded that the tower torsional stiffness should be designed
to reduce the variance and magnitude of the second-order mode gain.

6.0
5.0

4.0

Evaluation

3.0

2.0

1.0

10 110 200 Rigid

B Transportability B Followability OLoad-sway suppression
(a)
6.0

5.0

4.0
3.0
2.0 m
10 110 200

M Transportability B Followability OLoad-sway suppression

(b)

Evaluation

Rigid

FIGURE 21. Results of questionnaire: (a) Load transfer and (b) load-sway suppression

6. Conclusions. An experimental system was designed to simulate the torsion of an ac-
tual tower crane. The optimal torsional stiffness of the tower was determined using simula-
tion based on dynamic characteristics. Load transfer and load-sway suppression tests, and
a questionnaire survey were conducted, which statistically demonstrated that torsional
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stiffness can improve the operability of cranes by reducing not only the magnitude of
the second-mode gain but also its variance. Future work includes the application of this
second-order mode gain reduction method to the typical design with the finite element
method for the truss structure. The effectiveness will be verified with the actual tower
crane by simulation and experiment. In addition, the proposed approach can be applied
to not only crane systems but also other mechanical systems that require the reduction
of the second-order mode gain.
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