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Abstract: The mechanisms and interactive effects of multiple operating parameters of
tower cranes on load swing are not yet clear, which leads to the exacerbation of load swing
during the lifting process due to improper control parameter settings. To address this issue,
this paper establishes an electromechanical rigid-flexible coupling (EMRFC) model for
tower cranes to accurately simulate the characteristics of load swing caused by flexible
transmission and electromechanical nonlinear coupling. Furthermore, the Sobol sensitivity
method is used to screen out the dominant and interactive operating parameters affecting
load swing, and to reveal the patterns of their impact on load swing. The results show that
the stiffness of the flexible transmission system has a significant impact on the load swing,
which cannot be neglected in modeling and analysis. Among the dominant operating
parameters, the lifting height has the greatest effect on load swing. Lifting height, luffing
speed, and slewing speed show significant interactions on load swing, and the interactions
make a significant difference to the load swing in different operating phases. Finally, this
paper gives the reasonable interval of operation parameters of a hoisting operation under
the composite working condition, which provides a scientific basis and theoretical guidance
for intelligent control of tower crane operation.

Keywords: tower crane; load swing; EMRFC model; Sobol sensitivity analysis; multiple
operating parameters

1. Introduction

Tower cranes are indispensable key logistics equipment for the machinery and equip-
ment manufacturing industry, but their lifting operations are often hampered by the load
swing, which reduces lifting efficiency and accuracy [1]. At present, the impact of load
swing is mainly mitigated through improvements in mechanical structures or optimization
of intelligent control [2,3]. However, in the application of these two types of technologies,
research on the interaction mechanisms and influencing mechanisms of the main opera-
tional parameters during the operation of tower cranes has not been deeply developed,
such as the speed and acceleration of the end of the actuator, the lifting height and the
lifting mass parameters. This lack of theoretical guidance and basis for the application
of technology has restricted the enhancement of tower crane operational performance.
Therefore, studying their impact on load swing is a prerequisite for achieving intelligent
and high-precision control of tower cranes, which is of great significance for promoting the
development of green intelligent construction [4].
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Currently, the impact effects of tower crane operating parameters on load swing
are mainly studied under single working conditions, including slewing [5], luffing [6],
and lifting conditions, separately [7], or in scenarios where the discrete influences of
parameters under composite working conditions are considered. Considering that tower
cranes usually work under composite working conditions [8], Liu et al. studied how
individual operating parameters impact load swing under slewing-lifting and luffing-
lifting conditions. They analyzed the impact of these parameters on the time-frequency
domain characteristics of the load swing angle. However, they did not reveal the specific
contribution of different operating parameters on the load swing under the same operating
conditions [9,10]. Peng [11] analyzed the impact of single operating parameters on the
load swing under the slewing-luffing condition, but the tower crane is a strongly coupled
system [12], the research on the interactions of operating parameters on load swing is
still not effectively carried out under composite working conditions. In addition, accurate
modeling of the tower crane is the basis for conducting this research. Figure 1 shows the
QTZ55 tower crane, widely employed in engineering construction.
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Figure 1. The QTZ55 tower crane.

Existing tower crane modeling is primarily based on rigid body dynamics models.
Rigid body dynamics models treat tower crane components as rigid bodies that do not
undergo flexible deformation, making these models easy to establish with faster numerical
solution speeds. Cheng [13,14] developed a complex finite element model for a tower
crane, obtaining the trajectory of the load in three-dimensional space. Zhang et al. [15-17]
constructed a tower crane model using the assumed modal method and Lagrange equa-
tions. They determined the impact of load mass on the load swing angle, assuming linear
controllability of the driving force. However, they overlooked the nonlinear impact of
components, such as the influence of motors and inverters in the electrical drive system
on the driving force control output, especially the torque jitter when the motor starts and
stops, which increases the complexity of load swing. Therefore, it is necessary to accu-
rately simulate the tower crane model by combining electromechanical coupling dynamics
models. Florentin et al. [18] developed a tower crane model using vibration theory and
dynamics equations, considering the impact of motor torque jitter on load swing. They
designed a control approach to minimize load swing according to the law of load swing.
They idealized the flexible drive process of the tower crane and regarded the load swing as
a simple oscillating motion connected by rigid rods. However, the tower crane is a complex
piece of equipment with characteristics of electromechanical coupling and rigid-flexible
coupling [19,20], and its lifting action is realized by pulley groups composed of steel wire
ropes to transfer power to mechanical components [21]. During the operation of the tower
crane, the wire ropes are subjected to dynamic loads that vibrations, which affect the load
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swing through transmission components. This complex dynamic response is difficult to
simulate in conventional static mathematical models [22,23].
In response to the shortcomings, the main contributions of this study include:

(1) Using the multi-body dynamics modeling method that combines physical and math-
ematical models, and considering the nonlinearity of the electromechanical system
and the flexibility factors of the transmission mechanisms, an Electromechanical
Rigid-Flexible Coupling (EMRFC) model for tower cranes has been established. This
model accurately simulates the operational characteristics of tower cranes under the
coupling effects of rigidity and flexibility, as well as the mechanisms affecting the
swing of loads.

(2) The Sobol sensitivity analysis method is applied to the analysis of the interactive
mechanism of tower crane operation parameters, deriving the primary and interactive
operation parameters that affect load swing. The study investigates the characteristics
of how these tower crane operation parameters influence load swing.

(3) This paper is the first to explicitly classify tower crane operation parameters into
dominant and interactive operation parameters. The methods presented can provide
a scientific evaluation for the operational range of these parameters, offering a basis
for the setting of trajectory intervals for intelligent control reference input signals.

The rest of the paper is structured as follows: in Section 2, the electromechanical-rigid-
flexible coupling model is established, and the principle of the Sobol sensitivity method is
introduced; Section 3 verifies the accuracy of the model and analyzes the influence of the
wire rope elasticity on the load swing. The dominant and interactive operating parameters
affecting load swing are obtained by the Sobol sensitivity method, and their influence laws
on load swing are further analyzed. Section 4 summarizes the main work of this paper.

2. Modeling and Analysis Methods
2.1. Tower Crane Modeling

In this section, with the flexible transmission mechanism serving as the actuating unit
and the motor drive system serving as the power unit, the electromechanical rigid-flexible
coupling (EMRFC) model for the tower crane is constructed using a multibody dynamical
modeling method that integrates physical modeling with mathematical modeling. The
flexible transmission mechanisms, which are the rope pulley mechanisms for luffing and
lifting, respectively, are composed of transmission components and flexible ropes. Consid-
ering the universality of the model, the stiffness of the steel wire rope and the servo control
module within the motor drive system are represented as mathematical models, while the
other parts are represented as physical models.

To highlight the key factors or variables in the paper and to ensure the generalizability
of the model, the following assumptions are therefore made:

(1) Neglect the deformation of the boom and tower as well as the friction of the moving joints
(2) The radial and tangential deformation of the wire rope is ignored.
(3) There is no relative swing between the hook and the load.

The methodological framework for the EMRFC modeling is shown in Figure 2, which
consists of two modules: the mechanical subsystem and the electrical subsystem. In this
framework, the geometric characteristics of each rigid body are provided in the form
of structural parameters by the three-dimensional (3D) structural model; the stiffness
coefficient of the steel wire rope is described using mechanical equations; the drive motor
is connected to the multibody dynamics model through interfaces of drive speed and load
torque; the controller receives feedback speed and acceleration from the reducer motor
and inputs drive voltage to the geared motor to control the motor to operate with high
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precision according to the motion reference trajectory. Below is a detailed introduction to
the modeling process of these two modules respectively. In addition, the complete system
model built in the MATLAB 2022a/Simulink environment has been shown in Figure Al.

<AL S Multibody Dynamical Model Motor drive system

g ’ structural {5 : J%b i trollley ‘N\’.T._‘ | drive rpm Geared :
. k -- ): r

\ parameters l slewing gear drum <= pulley *( lload torque -
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Figure 2. The methodological framework for the EMRFC modeling of the tower crane.

2.1.1. Mechanical Subsystem
1. 3D Structure Model

The 3D structure model is shown in Figure 3, including the tower body, jib, trolley, load,
drum, pulley, and hook. The dimensions of the structural model are based on the actual
size of the tower structure. The material used for the 3D structural model is Q235 carbon
steel, and its performance parameters are presented in Table 1 of Section 3.1. To facilitate
the description of the geometric relationship, the coordinates, and related parameters are
defined: OXYZ is the three-dimensional coordinate system describing the motion position.
O represents the slewing center, with the Z axis coinciding with the center axis of the tower
body. The X axis coincides with the axis of the boom, while the Y axis is perpendicular to
both the X and Z axes. The X and Y axes change with the movement of the jib. « and x
represent the slewing angle and the luffing distance, respectively. 61, 05, S, [ represent the
radial swing angle, the tangential swing angle, the offset distance, and the lifting height,
respectively. The offset distance is the horizontal distance between the load and the center
of the trolley and contains the characteristics of the swing angle and the length of the wire
rope. Meanwhile, the following assumptions are made: the tower body consists of standard
sections connected rigidly, and the pulley and reel are wire rope winding objects and there
is no relative sliding between them and the wire rope.

2. Wire Rope Flexible

As shown in Figure 4 wire rope model, the wire rope used has 6 strands around the
core. Considering that the flexible transmission is related to the axial length of the wire
rope, the main concern is the axial stiffness of the wire rope. The axial stiffness of the wire
rope can be calculated according to Equations (1) and (2) [24]. The equations consider the
structural layout and Poisson effect of wire ropes in lifting equipment and can accurately
describe the wire rope stiffness coefficient. It is calculated as follows:

7.2
Kpi = (EoAq + M22uily b0 i — 1,2

sin(a;)
sin?(«;)—v cos?(&;) / (14 &) ™)
vf,cosz(txi) 2(1 *L’Z)ézcnicosél(“')

1+¢ (1+&)(1+ (1 7cosz(al-’)

=
1+

)

where: Ky; is the stiffness coefficient of the wire rope, and subscript i = 1, 2 indicates the
wire rope of the lifting and luffing mechanism. N is the number of core-wound wires, and
E is the elastic modulus. A.; and A,; are the cross-sectional area of the core and core-wound
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wires. a; is the helix angle. Ly is the reference rope length, and L; is the length of the
transmission mechanism (L1 = Ly + 2I). v is the Poisson’s ratio, and ¢ is the diameter ratio of
the core. C,; is the nondimensional contract compliance. Besides mechanical properties, this
parameter depends on normal contact forces and stresses, body shape, load, and boundary
conditions. The following equation set was derived:

Cui = Dej — 1= In(2Py;/ (1 + sin®(a;)))

Pn; = Ayiflsi€wi(1 — v?)/ (MER ;)

7= (14§) cos® (a;) / (1+E(1 — cos?(;)))

Dei=m/3(1 = 20) /(4(1 = v)) =2 (5 — 4v)/(8(1 —v)) —~In(2V/3)

@

where: Py; is the non-dimensional contact force. ¢, is the strain of the wire. D,; is the
deformation coefficient. 7; is the sum of the core-wire radii.

Luffing pulley

Lifting ‘w'
pulley B - Jib

“—’//-
AN
\ N .
Li ft\mg \ Luffing
drum N drum Hoo‘k
N .
O @ .6
N\ \
N\ N ) % B x - —
Tower SIe:'::lg -7
body mg » e
Standard D ] T !
section - 7 7z . -

Load

Y

Figure 4. Wire rope model.
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Figure 4 shows the structure of the wire rope used in the crane tower and its cross-
section. The geometric parameters of the cross-section are as follows: R denotes the radius
of the centerline of the wire rope. R;, denotes the diameter of the outer steel wire of the
wire rope. r denotes the radius of a single steel wire in the wire rope. ¢ denotes the relative
angle between adjacent wires to the center of the section.

3. Multibody Dynamical Model

Simscape Multibody contains a library of multibody dynamics modules for physical
system modeling and corresponding simulation functions, which make the model highly
descriptive of the actual system [25]. The multibody dynamics model of the tower crane is
shown in Figure 5, where the parameters for the simulation images, which help clarify the
modeling ideas, are taken from the tables in Section 3.1 to follow, and the software used is

MATLAB 2022a.
_____ - — — T T ""MATLAB/ |
e | Jib | | | 1 | Simulink
| Jiont — [y
| I | | | Drive rpm| Motor | : £ s e I
at e ; =0
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I | - | C‘G* _;, % 27
L, Torque” system || r r r I
| — Revolute M Te Tifting Tlexible Tuffing w - )
| Joint mechanism mechanism Slewing gear | O B8P ’ & » I
| Pri]sr_nattic (lla) (i) i |
om
: Telescoping Load Trolley Tower body I

ToTare
¥ e

I _m_ﬁn; T ;b_ T T _]ib_ [ titfing | | = Tm’ﬁ_ﬁq
® — I Simulink
I Drum [T Pulley 1 Pulley 2 Cord [ L Simulink
End |
I I I
| | | L |
| —e Liffing Cord Trolley Trolley | |
| Properties Pulley 1 Pulley 2 | |
I | [ -1 I
| lock Liffing rope | | I
Pulle — stiffness I |
I Y Equation (1)
L= e B T e |
' ] —— | F=9 -9 -9  _- - _[MATLETI
| Jib Jib Jib Luffing | Simulink
| Pulley 1 Pulley 2 Pulley 3 |
| I
I I
| |
I Luffing Luffing Luffing rope b |
Cord End Cord End = stiffness Cord |
| 1 2 Equation (1) Properties |
| ——————— —

Figure 5. Multibody dynamics model: (a) overall structure; (b) flexible lifting mechanism; (c) flexible
luffing mechanism.
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Figure 5a shows the overall structure of the multibody dynamics model, in which the
rigid bodies are built by recognizing the parameter information of the SolidWorks 2018
model and combining it with the geometry module of multibody dynamics [26]. The rigid
bodies are coupled and assembled through the joint module and the rope-pulley module.
In this model, the flexible lifting mechanism and the flexible luffing mechanism control the
lifting and luffing motions of the tower crane during work, respectively. Specifically, as
shown in Figure 5b, the rope-pulley of the flexible lifting mechanism is wound with double
single strands. The wire rope and the hook pulley form a dynamic pulley block structure,
and the two ends of the wire rope are connected to the reel and the end of the boom,
respectively. As shown in Figure 5c, the rope-pulley of the flexible luffing mechanism
is wound with a single strand of wire. The two ends of the wire rope are fixed on both
sides perpendicular to the direction of movement of the dolly, and the pulleys are all fixed
pulleys. The lifting and the luffing rope stiffness modules are used to set the wire rope
stiffness coefficient, which can accurately simulate the physical properties and deformation
of the wire rope in actual operation.

2.1.2. Electrical Subsystem

The model of the motor drive system is shown in Figure 6. The control method adopts
closed-loop frequency conversion control. The control section generates PWM signals
according to the speed feedback and reference speed trajectory, and the PWM signals are
amplified by the inverter bridge to drive the induction motor to rotate, and the torque is
output through the speed reducer. The lower half of Figure 6 shows the model established
on the MATLAB 2022a software platform, from which the internal logical relationships and
structure of the model can be seen, with all parameters as shown in Table 2 of Section 3.1.

Load torque Feedback RPM

Feedback RPM
l r-- - ——"""">"""—" """ " "—"————= 1
Reference Control PWM | Three—phase Rotate Drive |
Tracks Section signal I| Inverter voltage speed —?rpm Multibody
r—— ——— ——'| Bridge ASIM Reducer | | Dynamical
. DC Torque Load Model
| Rectifier source. ¢ !orque |
|
___________________________ —
~
R N —— |
I A b o \ @—'m o —_— >_ R—S—O —R : N I
I * J " ; 1 i | | . A
" M 1 " | [ i(ehnin) D o pivetl I
| b ,l \ <Rololr speed (um> [ byl | AL rquet | \
i — —1 e T ‘,’ |
| Three—phase powef Lifting  Lifting ! | Lifting ASIM P Lifting Reducer | I |
| Rectifier Inverte | e | | L _‘11 -
| Bt ) ‘-“,D " | @ (i f l:l
Ly 1 | i . - l al ||
I — I e .
| I
l ) cufling - Luffing | Luffing ASIM b Luffing Reducer | | 1
| Rectifier Inverter iy, Lo l"l ’l‘\ )
Ldu 94 : >—>{Tm s == R— —_—— _C ‘ \ |
PWM DC+ p—= + \ / v |
| . L L ) < \, | ”—‘@f ed
| signal 7 'l o/
| 7 T BN '4—”31 ll_ l R s «—_‘ rq:ue)jl I
L Slewing ~ Slewing Slewing AGIM Slewi |
MATLAB/ | Rectifier Inverter |
rive rpm |

Figure 6. Motor drive system.
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The system is mainly composed of two parts: the gear motor and the controller. The
gear motor includes the induction motor and the speed reducer, and the controller is
composed of the rectifier physical module, the inverter bridge, and the control section. The
control section adopts the variable-voltage inverter closed-loop speed regulation method,
as shown in Equations (3)—(7). Equations (3)—(5) calculate the voltage and frequency based
on the speed error, and Equations (6) and (7) generate the PWM signal.

e = Nyefi — Ny, = 1, 2,3 (3)
U; = (kpie; + kli/ eidt)/ fo, (4)
fi = Zﬂ(kpiei + in / eidt), (5)
Uy sin( [ 27f;dt)
Uy | = U; [sin(([ 2nefidt) — 2/3) ©)
Ui sin(( [ 2nfidt) 4+ 2m/3)
Uy’ = P(Uy;, Q)
Uy = P(Uy;, Q) (7)

Uwi' = P(Uw;, Q)

Included among these:

where: the subscripts i = 1, 2, 3 denote the lifting, luffing, and slewing drive motors
respectively. ¢ is the time. 71, is the reference speed. ; is the feedback rotation speed. e; is
the rotational speed error, and k,; and ky; are the proportional and integral gains respectively.
fo is the fundamental frequency. U; is the RMS phase voltage, and f; is the stator phase
voltage frequency. Uy;, Uy;, and Uypy; denote the three-phase sinusoidal voltage signals, and
Uy, Uy, and Uy’ represent the corresponding PWM signals. P(U, Q) is the comparative
function. Q is the bipolar triangular carrier function in a period, and T is the carrier period.

2.2. Sensitivity Analysis of Operating Parameters

In this paper, the Sobol sensitivity analysis method is used to obtain for the first time
the degree of contribution of different operating parameters to the effect of load swing
during the operation of a tower crane. The method is based on multiple integral decompo-
sition, which is used to obtain the influence index of the coupling between parameters, and
the parameter range can be extended to the whole parameter domain [27,28]. Among the
system response indexes used in the sensitivity analysis method, which is commonly used
nowadays, none can reflect the change in wire rope length. Considering that the length
of the wire rope in the flexible transmission mechanism is constantly changing, and the
offset distance contains information on the rope length, this paper uses the maximum value
of offset distance to characterize the load swing and accurately assess the degree of load
swing in different operation stages.

The following assumptions were made using the Sobol sensitivity analysis: (1) any
two sets of operating parameters are statistically uncorrelated. (2) the output of the model
is a single value: the offset distance.

The steps of the Sobol sensitivity analysis method are as follows:
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Step 1: The input parameters are obtained by Optimized Latin Hypercube Sampling,
and two samples with capacity p are taken, which are represented by matrices Ayx, and
By xn, where p is the number of input parameters, and 7 is the number of parameter levels.

Step 2: The matrix C; is the replacement of column i of matrix A (i < 8) with column
i of matrix B, leaving the remaining columns unchanged. Similarly, the matrix C; is
the replacement of column i of matrix B (i < 8) with column i of matrix A, leaving the
remaining columns unchanged. Each group of operating parameters in matrices C; and C;
is substituted into the model for calculation respectively, and the output response values
corresponding to each group of operating parameters are obtained. The variance estimation
of the system response and parameter sensitivity indexes are obtained by the Monte Carlo
algorithm. The calculation process is shown in Equation (8)~(14):

1 n
f& =2 faCen, - xm) fo (i, x7p) ®
r=1
o 1 2 @
1% _EZfA(xrl/'"/er) —fo ©)
r=1
N R ’
ui = EZfA(xﬂ’ s /xrp)fci(x;'l, e ,x,(,»,l), Xyir xr(iJrl)/ .. .,er) (10)
r=1
T — 1 - / / oyl ; 11
a ;= - ZfA(xrl,...,Xyp)fcii(.xrl,...,xr(iil),.sz/xr(i+1)/-..,xrp) (11)
r=1
D, = (@~ /¥ 12
DL =1 (0~ /¥ =

D}, = D} - Dy, (14)

In the equation both f4 and fp are the outputs of the model, x,1 to x;, are the elements
of matrix A, x,1" to x,, are the elements of matrix B, and fg, V2, U; and U_; are intermediate
quantities. The local index Dy, describes the effect of a single variable on the output, reflect-
ing the magnitude of the first-order sensitivity. The global index DI}_ of input parameter x;,
contains the main effect of the variable and the interaction of this variable with the remain-
ing variables, reflecting the magnitude of global sensitivity. The difference between the
global index and the local index is the interactive index. The larger the interactive indexes
D}Cl_ the more significant the interactions. The dominant parameters and the interactive
parameters are screened out by the global indexes and interactive indexes.

The subsequent analysis is based on the minimum values of the operating parameters
as shown in Table 3 of Section 3.1. The velocity trajectory consists of three phases: accel-
eration phase, uniform velocity phase, and deceleration phase. The initial position of the
trolley is set to be 10 m from the center of the tower body, and the direction of the luffing
motion is in the direction away from the center of the tower body.

As in Figure 7, through progressive calculation, the sensitivity level tends to stabilize
when 7 is greater than 5000, so the sample number is taken as 5000.
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Figure 7. Variation of offset distance sensitivity indexes with sample number: (a) local sensitivity
index; (b) global sensitivity index.

3. Results and Discussion
3.1. Model Validation

Since the MATLAB 2022a/Simulink software environment can integrate multiple phys-
ical domains, in this section, the EMRFC model of the QTZ55 tower crane is constructed in
this environment with the flexible transmission mechanism as the core and the motor drive
system as the driving force, combining physical modeling and mathematical modeling.

The main parameters needed of the EMRFC model are shown in Tables 1 and 2, where
the parameters are derived from the parameter configuration of the QTZ55 tower crane as
well as from the literature [24].

Table 1. Material properties of Q235 steel.

Operating Parameter Value Unit
Densities 7850 kg/m3
Yield strength 375 MPa
Tensile strength 235 MPa
Modulus of elasticity 200 GPa
Elongation 25 %

Table 2. The main parameters of the EMRFC model.

Name Notation Value Unit
Carrier period T 10 x 1074 s
Core cross-section A1, Aoy 332 x 107°,0.75 x 10~° m?2
Core diameter ratio ¢ 1 /
Core radius Rc1, Ren 3.25 x 1073,1.55 x 1073 m
Core wire cross Section Awl, Awd 3.32 x 107°,0.75 x 10~° m?2
Drum Diameter Dy 0.254 m
Drum mass Dm 145 kg
Elastic modulus Eo 1.8 x 1011 Pa
Gear ratio N1, N», N3 15.9, 90, 195 /
Helix angle 0y, 0 57,62 deg
Initial lifting rope Length Ly 126 m
Jib end distance Hy 57 m
Jib inertia ] 1.02 x 107 kg-m?
Jib tail distance H, 124 m
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Table 2. Cont.

Name Notation Value Unit
Logarithmic P1, P2, P3 4,3,3 /
Luffing rope length Ly 183 m
Moment of inertia J1, ]2, J3 2.2,1.8,3.6 kg-m?
Number of cores N 6 /
Poisson’s ratio v 0.3 /
Pulley Diameter Py 0.381 m
Pulley mass Pm 18.35 kg
Rated power of motor Pxi1, Pno, P 5.4 x 103,4 x 103,11 x 103 W
Reference length Ly 0.2 m
Rotational damping B1, By, Bs 0.0252, 0.023, 0.0852 N-m-s/deg
The sum of the core radius r, 7 6.5x1073,31x 103 m
Trolley quality M 324 kg
Trolley quality M 324 kg
Twisting radius Ru1, Ru 3.25 x 1073, 1.55 x 1073 m
Wire strain Ewl, Ew2 0.0686, 0.533 %

The wire rope models used for the lifting and luffing mechanisms in the QTZ55 tower
crane are 6 x 37-13-1670-I and 6 x 19-6.2-1670-1, respectively, according to the configuration
parameters.

The required ranges of operating parameters refer to the QTZ55 tower crane configu-
ration parameters, as shown in Table 3.

Table 3. Range of values for operating parameters.

Operating Parameter Notation Minimum Value  Maximum Value

Luffing up-acceleration ap (m/s?) 0.1 0.5

Luffing down-acceleration 4z (m/s?) 0.1 0.5
Luffing speed vy (m/s) 0.5 1

Slewing up-acceleration ay (deg/s?) 0.5 2.5

Slewing down-acceleration ay (deg/s?) 0.5 25
Slewing speed vt (deg/s) 2 4
Lifting height [ (m) 10 30

Load mass m (kg) 1000 3000

To verify the accuracy of the model, the load swing process under the composite
working condition (luffing-slewing condition) of the EMRFC model, the traditional dy-
namic equation model [29], and the QTZ55 tower crane were compared, and the data of the
QTZ55 tower crane were obtained from the literature [30]. The slewing and luffing speeds
were set to be 1.2 deg/s and 0.5 m/s respectively, the slewing and luffing accelerations
were 0.24 deg/ s2 and 0.1 m/s2, respectively, the running time was 30 s, and the radial
and tangential swing angles started from 0 and —1.5 deg, respectively. These settings are
derived from the actual working parameters of the QTZ55 tower crane.

Figure 8 shows the swing process of the load for the composite working condition.
Table 4 summarizes the swing process errors of the EMRFC model and the traditional
dynamics equation model for the QTZ55 tower crane. From Figure 8a—c and Table 4, the
errors of the EMRFC model are smaller, and the trend of load swing of the EMRFC model
is closer. From Figure 8d—f, with the improvement of load quality, the offset distance curves
of the QTZ55 tower crane and EMRFC model change consistently, while the traditional
kinetic equation model is almost unchanged, which shows that EMRFC model considering
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flexible transmission characteristics can more accurately describe the load swing process.
Meanwhile, it can also be noticed that the larger the load mass, the larger the swing.

I— QTZ55 tower crane- - - EMRFC model ----- Traditional dynamics mode]]
6 2.0

1.5

AN E1o
Ll(Q)wn

|®)3
0.5

0.0l

Time (s) Time (s) Time (s)

010 20 30

2.0 2.0

[— m=1000- - - m=2000---- m=3000| |— m=1000- - - m=2000---- m=3000] |— m=1000- - - m=2000----- m=3000|

1.5

~~

g
f(f)%/l.O

0.5

0.0
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Time (s) Time (s) Time (s)

Figure 8. Swing process of the load: (a) radial swing angle; (b) tangential swing angle; (c) offset
distance; (d) QTZ55 tower crane for different load quality; (e) EMRFC model for different load quality;
(f) traditional dynamics equation model for different load quality.

Table 4. Error statistics of the models.

Model The Average Error of The Average Error of The Average Error of
ode Radial Swing Angle/%  Tangential Swing Angle/% Offset Distance/%
EMRFC 7.2 117 2.81
Traditional dynamics 15.2 18 83
model

The results show that the EMRFC model comprehensively considers the electrome
chanical-rigid-flexible coupling effect of the tower crane. The accuracy of the prediction of
the load motion is higher, which can be used as the basis for the study of the load swing
law under the composite working condition.

3.2. Impact of Flexible Transmission Characteristics on Load Swing

The transmission wire rope is an important force component in the flexible transmis-
sion of the tower crane, and its stiffness will directly affect the swing of the tower crane load,
while the elastic modulus (E) of the wire rope is a key factor in determining its stiffness [31].
Therefore, this section analyzes the effect of different elastic modulus on the load offset
distance from the perspective of time and frequency domains. To characterize the load
swing, the whole working period is divided into two phases according to the deceleration
endpoint: the running phase (0~30 s) and the stopping phase (30~90 s).

Figure 9 shows the impact of different E on load swing. From Figure 9a, with the
increase of E, the offset distance in the running phase gradually decreases, and the offset
distance in the parking phase gradually increases. Notably, the offset distance in the stop-
ping phase of the swing shows the phenomenon of “beat vibration”. This phenomenon is
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due to the load swing in space during the stopping phase. This swing is decomposed into
radial and tangential components by mutually perpendicular planes. From Figure 9b, the
main frequencies of these two angles are close to each other, respectively 0.13611 Hz and
0.14875 Hz, with a frequency difference of only 0.013 Hz, which will cause the two pendu-
lum angles to excite each other, so that the offset distance curve exhibits the phenomenon of
“beat vibration”. In addition, as shown in Figure 9c¢, as the modulus of elasticity increases,
the main frequency difference between the pendulum angle components becomes smaller
and smaller, which increases the frequency of the beat vibration. This special vibration
imposes additional shaking moments and torques on the structure of the tower and the
drive motor respectively. Therefore, the stiffness of the wire rope on the load swing is not
to be ignored. The parameters design of intelligent control for tower cranes that overlook
the nonlinear impact of wire rope stiffness on the swing of loads in the flexible drive will
affect control precision.

0.30 3.0 0.0140
—90%E, - - 100%E, YR 0 R
025, | 25 s
5] f | 2B 5 0.0135f
0.20 Egii i | g 2.0 ™ 01ass %’
-y 0.23} | ) g
Eo1sl 3 T15 £ 00130
V) k=
o 0.1361 0
Q. 9]
010 10 S 0.0125}
0.05 . =
| | 3 . 0.0120
0.00, 0.QLYr | UL . .
0 80~ 01 02 03 04 i E  T00%GE,  TI0%E,
Time (s) f(Hz) E (Pa)
(a) (b) (c)

Figure 9. Impact of different E on load swing: (a) offset distance curve; (b) swing angle amplitude-
frequency curves of 100%kE; (c) main frequency difference.

3.3. Impact of Operating Parameters on Load Swing
3.3.1. Sensitivity Analysis of Operating Parameters on Load Swing

Figure 10 depicts the indexes of sensitivity of each operating parameter on the load
swing at different stages. The operating parameters have different indexes of sensitivity
on the load swing at different stages, in which the global index of [ is the largest, which is
0.66 and 0.95, respectively. The average local index, average global index, and interaction
index are also calculated, and the summarized data are shown in Table 5. The data show
that using the average global index of 0.05 as the dividing line, the dominant operating
parameters affecting the load offset distance are I, vy, vy, 441, 4y, and m. The parameters
with significant interactions can be derived from the size of the interaction index as I, v, vr.

Table 5. Average sensitivity indices of operating parameters.

Average Local Index/ Dy,

Operating Parameter Average Globe Index/D;{,, Interactive Index/D,Ici

1 0.64 0.79 0.15

Uy 0.25 0.31 0.07

o 0.09 0.17 0.08
ag 0.17 0.16 0.01
a 0.15 0.14 0.01

m 0.06 0.07 0.01
an 0.08 0.05 0.03
a0 0.06 0.05 0.01
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Figure 10. Sensitivity analysis of operating parameters: (a) running phase; (b) stopping phase.

3.3.2. Impact of Dominant Operating Parameters on Load Swing

To study the impact characteristics of dominant operating parameters on load swing,
this paper uses the control variable method to set the values of different dominant operating
parameters in sequence, obtaining the index curve of load offset distance as shown in
Figure 11. Furthermore, Table 6 counts the maximum offset distances and cycles of the
loads during the running and stopping phases for different operating parameters, as well
as the “beat vibration” cycles during the stopping phase.

0.8 0.3
— =10 - - =20 1=3(]

L =4

02
g
wn

0.1

0.00

Figure 11. Curve of load offset distance under different operating parameters conditions: (a) lifting
height; (b) luffing speed; (c) slewing speed; (d) load mass; (e) luffing up-acceleration; (f) luffing
down-acceleration.
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Table 6. Maximum value and period of the offset distance under different operating parameter

conditions.
Running Phase Stopping Phase
Operating
V 1 . 0 0
Parameter alue Max1'mum Offset Period/s Max1'mum Offset Period/s Per'lod qf Beat
Distance/m Distance/m Vibration/s
10 0.12 6.34 0.18 6.34 50
I (m) 20 0.24 7.92 0.44 8.03 50
30 0.35 10.05 0.49 10.02 50
0.5 0.12 6.34 0.18 6.34 50
vy (m/s) 0.75 0.12 6.18 0.23 6.12 50
1.0 0.16 6.27 0.26 6.15 50
2 0.12 6.34 0.18 6.34 50
vt (deg/s) 3 0.17 6.51 0.82 6.31 40
4 0.23 6.48 0.11 6.33 30
0.1 0.12 6.34 0.18 6.34 50
4,1 (m/s?) 0.3 0.22 5.68 0.32 6.31 50
0.5 0.23 5.84 0.35 6.37 50
0.1 0.12 6.34 0.18 6.34 50
ap (m/s?) 0.3 0.12 6.34 0.27 6.32 50
0.5 0.12 6.34 0.28 6.31 50
1000 0.12 6.34 0.18 6.34 50
m (kg) 2000 0.13 6.33 0.13 6.31 45
g
3000 0.14 6.34 0.11 6.29 40

In both Figure 11 and Table 6, the offset distance in the stopping phase increases
significantly with the increase in the lifting height, and the offset distance period in this
phase is 6.38 s, 8.03 s, and 10.02 s, which is basically in accordance with the period formula
of the single pendulum, T = 2m,/I/g. There are some differences because the lifting
mechanism is a dynamic pulley mechanism, not an ideal single pendulum. Luffing speed
significantly increases the load offset distance but does not affect the swing period. It is
interesting to note that as slewing speed increases, the offset distance initially increases
during the running phase and then decreases rapidly during the stopping phase, and the
“beat vibration” period decreases linearly. As the load mass increases, the offset distance
increases during the running phase, decreases during the stopping phase, and the “beat
vibration” period decreases linearly. As the luffing up-acceleration increases, the offset
distance increases rapidly because the higher the up-acceleration, the higher the mechanical
energy of the load at the end of acceleration, the higher the potential energy of the load
at zero velocity, and thus the larger the offset distance. As the luffing down-acceleration
increases, the offset distance increases rapidly during the stopping phase due to the sudden
change in acceleration, so the velocity trajectory of the deceleration process can be replaced
by a smoother velocity trajectory.

From the above analysis, we can find that the period of the offset distance is only
affected by /, and the period of the “beat vibration” is affected by m and v;. In addition,
compared with the running phase, the offset distance in the stopping phase is larger,
because the load and the trolley are moving in the running phase, and the relative motion
between them is small, after the trolley stops, the load continues to swing due to the inertia,
and at this time, the relative motion between the trolley and the load is larger. The offset
distance in the stopping phase exhibits a tendency to increase with the increase of /, a1,
and a,7, and the offset distance in the stopping phase exhibits linear positive correlation,
linear negative correlation, and linear positive correlation, with the increase of v;, m, and
vy, respectively. This is because the tower crane system is nonlinear, its dynamic behavior
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is complex and difficult to describe by a simple linear relationship, which is also why the
current intelligent control of the tower crane is difficult. In addition, based on the results of
the sensitivity analysis in the previous section, a4, 4rp, and m can be adjusted individually,
so that 4,1 and a,, as 0.1 m/s%, m as 1000~3000 kg can be set with less fluctuation in the
offset distance. From the control point of view, the tower crane’s intelligent control realizes
precise lifting by adjusting the operation parameters. Therefore, the driving motor can
be guided to drive the tower crane actuating end according to the above influence law to
achieve precise lifting.

3.3.3. Impact of Interactive Operating Parameters on Load Swing

From the analysis above, it is known that the interactive operating parameters include
I, v, vr. The maximum offset distances S; and S; in the running and stopping phases are
taken as the indicators of the load swing. The effects of the combination of lifting height /,
the luffing speed vy, and the slewing speed v; on 51 and S, are investigated.

Figure 12 shows the contour distributions of the peak offset values in the running
and stopping phases for different luffing speeds and slewing speeds. From Figure 12a,
the change of S; is more complicated. When ©v; is less than 3 m/s, S; increases firstly
and then decreases with the increase of v;. When v; is more than 3 m/s, S; increases
first and then decreases with the increase of v;, and then increases rapidly, because the
contribution of the luffing motion to the system response is enhanced under the condition
of high slewing speed, however, when the luffing speed is further increased, the system’s
nonlinear response either reaches a new equilibrium state, resulting in the offset distance
firstly decreasing and then rapidly increasing at higher luffing speeds. From Figure 12b,
it can be seen that S, decreases or increases with the increase of v, or vy, respectively,
and in particular, within the luffing variable speed range [0.5~0.6 m/s, 0.9~1.0 m/s] and
slewing variable speed range [2.5~3.0 deg/s], the tower crane system exhibits a more stable
dynamic response with a smaller peak offset of load swing. Therefore, by adjusting the
motor drive parameters to match these optimal operating intervals, the swing problem
caused by the nonlinear response of the system can be significantly reduced to ensure the
safety and stability of the system during the acceleration and deceleration phases.

0.25
0.22
0.20
0.17
0.14
0.11
.21 0.08

. s 0.05
vp(deg/s) = F or(m/s)B 002
(b)

Figure 12. Interaction analysis of luffing speed and slewing speed: (a) running phase; (b) stopping
phase.

Figure 13 shows the contour distributions of the offset peaks in the running and stop-
ping phases at different luffing speeds and lifting heights. The contour plots of Figure 13a,b
show a similar trend, with S; and S, having a significant step increase with the increase of I.
Especially at I of 14 m, there is a significant turn in the change of S; and Sp. When [ is in the
range of 25~30 m, S1, and S; increase significantly, indicating that the interaction between
I 'and v, is significantly elevated in this range, so the tower crane should avoid working
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in the range of I of 25~30 m and v, is 0.65~1.0 m/s. Especially in intelligently controlled
tower cranes, the system can effectively circumvent these unfavorable operating ranges by
monitoring and adjusting parameters in real time.

0.80 0.80
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0.64 0.64
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Figure 13. Interaction analysis of luffing speed and lifting height: (a) running phase; (b) stopping
phase.
Figure 14 shows the contour distributions of the maximum values of the offset dis-
tances in the running and stopping phases at different lifting heights and slewing speeds.
From Figure 14a, when [ is less than 25 m, the change of S; is relatively smooth; when /
is 25~30 m, S, increases rapidly, especially when S is certain, / and v; show a negative
correlation. It can be seen from Figure 14b, that S, increases with the increase of [, show-
ing a “saddle” distribution; when [ is in the range of 25~30 m, S, increases rapidly, this
is due to the lifting height being larger, the load swing having a greater linear velocity,
which is subjected to the greater centripetal force, resulting in the load to produce a greater
swing amplitude.
0.81 0.74
08 0.73 0.66
0.64 0.57
0.6
0.56 0.49
5,(m) 4 0.47 041
0.38 0.33
0.2
= 0.30 0.25
0.21 0.16
0.13 0.08

Figure 14. Interaction analysis of slewing speed and lifting height: (a) running phase; (b) stopping
phase.

The analysis of Figures 12-14 shows that the load offset distance shows a complex
trend under different parameter combinations, so attention should be paid to the impact of
their interaction on load swing in the adjustment of operating parameters. Through the
analysis of the contour plot, the adjustment of the operating parameters such as luffing
speed, slewing speed, and lifting height helps to keep the variation of the offset distance
within a small range. Therefore, setting /, v, and v to [10~15m], [0.5~0.6 m/s, 0.9~1.0 m/s],
and [2.5~3.0 deg/s], respectively, can limit the offset distance to less than 0.2 m, which
reasonably improves the working accuracy.
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4. Conclusions

To deeply investigate the influence mechanism of multiple operating parameters
interactions on the load swing of tower cranes, the EMRFC model for the QTZ55 was
built in this paper. Based on the model in this paper, the impact of wire rope elasticity on
load swing is discussed. The dominant and interactive operation parameters affecting the
load swing are determined by the Sobol sensitivity analysis method, and the impact of
dominant and interactive parameters on offset distance is analyzed. The main conclusions
are as follows:

e  This paper takes multibody dynamics as a bridge to effectively couple electric drive,
mechanical structure, and flexible transmission, and establishes the EMRFC model for
the QTZ55 tower crane. The model accurately describes the nonlinear effects of the
rigid-flexible coupling and electromechanical coupling on the load swing of the tower
crane, and the modular modeling makes the model easy to extend.

o  The elasticity of the wire rope of the flexible drive mechanism affects the swing
amplitude of the load, and the swing amplitude of the load in the running and
stopping phases increases and decreases, respectively, when the mass of the load is
increased. In addition, the amplitude of the load swing increases as the modulus of
elasticity of the wire rope increases, and a “beat vibration” phenomenon is commonly
observed during the stopping phase.

e  The interaction among the lifting height, slewing speed, and luffing speed has a
significant effect on the load offset distance; the offset distance shows a complex trend
with the increase of the slewing speed and luffing speed, and shows a step change
trend with the increase of the lifting height.

e  The reasonable ranges for various operating parameters of the tower crane are given
under the composite working conditions. Setting the operating parameters a,1 and a,,
as 0.1 m/s?, ay and ay as 0.5~2.5 deg/sz, las 10~15m, v; as [0.5~0.6 m/s, 0.9~1.0 m/s],
m as 1000~3000 kg, and v, as 2.5~3.0 deg/s, the offset distance can be limited to 0.2 m.

Based on the research findings of this paper, on the one hand, it can accurately simulate
the actual operation process of tower cranes, and on the other hand, determining the
reasonable range of operating parameters is a prerequisite for the intelligent control of
tower cranes. It provides a data foundation for intelligent decision support systems, helping
decision-makers formulate reasonable decisions and strategies, improving the accuracy
and reliability of decision outcomes, and enhancing their performance and safety under
complex working conditions.

In future work, research will continue the intelligent control methods for swing
suppression that consider the actual transmission process of tower cranes, in order to
enhance efficiency and safety in tower crane engineering applications.
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Appendix A
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Figure A1. The EMRFC model in the MATLAB 2022a/Simulink software.
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