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Abstract. The longitudinal vibration model of parallel hoisting system with tension auto balance 
device (TABD) attached to the ends of all hoisting ropes is established, and the governing 
equations of the model are derived based on Hamilton’s principle. Galerkin’s effort is applied to 
discretize the infinite-dimensional partial differential equations into a set of finite-dimensional 
ordinary differential equations, so that the model can be solved with numerical solutions. 
Subsequently, an ADAMS simulation is carried out, and the simulation result has verified the 
validity of the numerical solution. Consequently, in order to investigate the longitudinal responses 
of the two hoisting ropes, the model is calculated numerically with different coefficients and 
excitations. The results of the numerical solution have shown that: For the parallel hoisting system 
with TABD attached to the ends of all hoisting ropes, the conveyance will be the main excitation 
that affects the longitudinal vibration of the ropes, and the system acceleration will also cause a 
relatively large longitudinal vibration in the ropes. 
Keywords: longitudinal vibration, parallel hoisting system, ADAMS simulation, time-varying 
stiffness. 

1. Introduction 

There are two types of vertical hoisting systems that are mainly used in coal mine hoists, single 
rope winding hoisting system and multi-rope friction hoisting system. For the single rope winding 
hoisting system, the weight of the hoisting rope increases quickly with the increase of the shaft 
depth, so that it acquires the diameter of the rope to be larger than 120 mm to realize the hoisting 
in shafts over 2000 m deep. Simultaneously, it also needs a larger drum with the length of over 
8 m and with 4 to 6 winding layers, and this will cause a huge increase of running costs. For the 
multi-rope friction hoisting system, the indispensable balance ropes with time-varying length will 
result in time-varying loads in the hoisting ropes: While the conveyance reaches the head of the 
shaft, the hoisting ropes will bear the weight of the conveyance and all the balance ropes, however, 
the hoisting ropes will only bear the conveyance’s weight while the conveyance reaches the 
bottom of the shaft. The stress fluctuation of the hoisting ropes determines that only by lowering 
the lifting capacity could the system realize a deep hoist, and the deepest depth is about 1700 m. 
In order to realize a deeper hoist, the parallel hoisting system with tension auto balance device 
(TABD) attached to the ends of all the hoisting ropes, as shown in Fig. 1, is expected to be the 
first choice for the vertical shaft. 

The vibrations of the hoisting ropes affect the stationarity of the conveyance [1-3] and threaten 
the conveyance safety [4-5], especially in mine hoists and elevator systems, thus, the dynamics of 
flexible hoisting system have been researched extensively. Roberts R. [6] and Watanabe S. [7] 
modeled the rope as divided mass and connecting springs with time-variant coefficients, but lots 
of unique dynamical properties of continuum can’t be revealed by this modeling method. 
Kaczmarczyk S. [3, 4] derived a distributed-parameter mathematical model of deep mine hoisting 
cables by employing classical moving co-ordinate frame approach and Hamilton’s principle, and 
the simulation results showed a vast range of potentially dangerous non-linear dynamic 
phenomena. Zhu W. D. [5] studied the stability of axially and vertically moving strings and beams 
with time variant length and complicated boundary conditions from the energy standpoint, and the 
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exact expressions for the rates of change of energies of media are derived. An active control 
method to dissipate the vibratory energy was also discussed [6]. Because the allowable vibration 
in elevators is very small [1], Zhu W. D. [7] determined the lateral response of the hoisting rope 
with time-varying length and tension subjected to general initial conditions and external  
excitation, assuming that the lateral and longitudinal vibrations of elevator cables are uncoupled 
and the longitudinal vibration is negligible. The rate of change in the energy of the cable was also 
analyzed from the control volume and system viewpoints. Terumichi Y. [8] researched the 
nonstationary vibration of a string with a constant hoisting speed, and the analytical results showed 
that the axial velocity of the string influenced the peak amplitude of the string vibration at the 
passage through resonances. Bao J. H. [9] investigated the longitudinal vibration of the flexible 
hoisting system with time-varying length, and derived a Lyapunov controller which can dissipate 
the vibratory energy. Chi R. M. [10] discussed the relationship between the natural modes 
associated with homogeneous boundary conditions and the forced responses associated with 
inhomogeneous boundary conditions, and calculated the natural frequencies for the fixed end 
condition at the top end of the hoist rope. Zhang Y. H. [11] investigated the coupled vibration of 
a flexible cable transporter system with arbitrary varying length, the simulation results showed 
that the increase of the system damping dissipated the longitudinal vibration a lot, but had little 
influence on the lateral vibration. Since the governing equations of translating media with variant 
lengths are usually time-variant and nonselfadjoint, Zhu W. D. [12] and Ren H. [13] developed an 
accurate spatial discretization method to calculate the dynamic responses of one-dimensional 
distributed-parameter components with variant lengths and complicated matching conditions, and 
resolved several challenging problems in moving elevator cable-car systems. However, most of 
the studies of parallel ropes are confined to parallel manipulators [14-18], in which ropes are used 
to suspend end-effector and to adjust the end-effector pose, and ropes in these systems are usually 
modeled as rigid bodies or lumped mass. In Refs. [3, 4, 19], the multi-rope were simplified as one 
rope when establishing the mechanical model of the hoisting system, this simplification cannot be 
used to investigate the longitudinal vibration of the parallel ropes if the excitation of each rope is 
different from each other. 

 
a) 

 
b) 

Fig. 1. Schematic of parallel hoisting system with TABD 

2. Mechanical model and governing equation 

Ignoring the influences of the catenaries, the hoisting system can be simplified as two parallel 
strings with TABD attached to the ends of both ropes, and a mass ݉ attached to the end of the 
TABD. Several TABDs are applied in engineering applications following the same working 
principles. In this paper, the balance lever is selected to be the TABD so as to facilitate the 
establishment of the ADAMS simulation model. As shown in Fig. 2, the two hoisting ropes are 
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connected to each side of the lever by hinge, and the conveyance is connected to the middle point 
of the lever also by hinge. The displacements of the upper ends of the two ropes, specified as ݁ଵ(ݐ) 
and ݁ଶ(ݐ), where ݐ is time, the subscripts 1 and 2 refer to the rope 1 (the left rope) and the rope 2 
(the right rope), respectively, represent the excitations that can arise from the eccentricity of each 
head sheave, respectively. ݈ଵ(ݐ) = (ݐ)݈ + ݁ଵ(ݐ)  and ݈ଶ(ݐ) = (ݐ)݈ + ݁ଶ(ݐ)  are the time-varying 
length of the two ropes, respectively, where ݈(ݐ) is the prescribed displacement of the conveyance. ݒଵ(ݐ) = ݈ሶଵ(ݐ) and ݒଶ(ݐ) = ݈ሶଶ(ݐ) represent the hoisting velocity of each rope, respectively, and (ݐ)ݒ is the conveyance velocity. 
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Fig. 2. Mechanical model of parallel ropes winding hoisting system 

The relation between ݒଵ(ݐ), ݒଶ(ݐ) and (ݐ)ݒ can be derived from Fig. 2 and can be expressed 
as: 

(ݐ)ݒ = (ݐ)ଵݒ + 2(ݐ)ଶݒ . (1)

Several assumptions were made to constrain the analysis: 
1) The bending stiffness of the rope and all the system friction are ignored; 
2) Only the longitudinal vibration is considered here; 
3) The mass per unit length ρand longitudinal stiffness ܣܧଵ and ܣܧଶ of the ropes are constant. 
Applying the Hamilton formulation to the model shown in Fig. 2 yields: 

න ܭ൫ߜ − ܲ − ௧మ௧భݐ௚൯݀ܧ + න ௧మ௧భݐܹ݀ߜ = 0, (2)

where ܭ,  ܲ  and ܧ௚  denote the system kinetic energy, the rope elastic strain energy and the 
gravitational potential energy, respectively. ܹ is the work done by the distributed damping forces. 
The kinetic energy of the system is: 

ܭ = 12 ߩ න ቈݒଵ(ݐ) + ,ଵݔ)ଵݑܦ ݐܦ(ݐ ቉ଶ ଵ௟భ(௧)ݔ݀
଴ + 12 ߩ න ቈݒଶ(ݐ) + ,ଶݔ)ଶݑܦ ݐܦ(ݐ ቉ଶ ଶ௟మ(௧)ݔ݀

଴     + 12 ݉ ቈݒଵ(ݐ) + 2(ݐ)ଶݒ + 12 ቆݑܦଵ(ݔଵ, ݐܦ(ݐ ห ௫భୀ௟భ(௧) + ,ଶݔ)ଶݑܦ ݐܦ(ݐ ห ௫మୀ௟మ(௧)ቇ቉ଶ, (3)

where ݔ)ݑ,  and the ,ݐ at time ݔ is the longitudinal displacement of the rope particle at position (ݐ
operator ܦ ⁄ݐܦ  is given by: 
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ݐܦܦ = ݐ߲߲ + ݒ (4) .ݔ߲߲

The elastic strain energy of the ropes is: 

ܲ = න ൤ ଵܶ(ݔଵ, ଵߝ(ݐ + 12 ଵଶ൨ߝଵܣܧ ଵ௟భ(௧)ݔ݀
଴ + න ൤ ଶܶ(ݔଶ, ଶߝ(ݐ + 12 ଶଶ൨ߝଶܣܧ ଶ௟మ(௧)ݔ݀

଴ , (5)

where ߝଵ and ߝଶ represent the strain measure in each rope, respectively. ଵܶ(ݔଵ, ,ଶݔ)and ଶܶ (ݐ  (ݐ
represent the quasi-static tension in each rope, respectively. Since the rotations and displacements 
in the ropes are assumed to be small [4], ߝଵ and ߝଶ are given by: 

ଵߝ = ଵݔଵ߲ݑ߲ ଶߝ   , = .ଶݔଶ߲ݑ߲ (6)

ଵܶ(ݔଵ, ,ଶݔ)and ଶܶ (ݐ  :are given by (ݐ

൞ ଵܶ(ݔଵ, (ݐ = ൤12 ݉ + (ݐ)൫݈ଵߩ − ൯൨(ݐ)ଵݔ ⋅ ݃,
ଶܶ(ݔଶ, (ݐ = ൤12 ݉ + (ݐ)൫݈ଶߩ − ൯൨(ݐ)ଶݔ ⋅ ݃. (7)

When the gravitational potential energy in the initial equilibrium configuration is defined to 
be 0, the gravitational potential energy of the system is given by: 

௚ܧ = 0 − න ଵ௟భ(௧)ݔଵ݀ݑ݃ߩ
଴ − න ଶ௟మ(௧)ݔଶ݀ݑ݃ߩ

଴ − 12 ݉݃൫ݑଵห ௫భୀ௟భ + ଶหݑ ௫మୀ௟మ൯. (8)

The work done by the distributed damping forces is: 

ܹ = න ଵ݂ݑଵ݀ݔଵ௟భ(௧)
଴ + න ଶ݂ݑଶ݀ݔଶ௟మ(௧)

଴ , (9)

the damping forces ଵ݂ and ଶ݂ are given by: 

ଵ݂ = ଵܣܧߤ ߲ଶݑଵ,௧߲ݔଵଶ ,   ଶ݂ = ଶܣܧߤ ߲ଶݑଶ,௧߲ݔଶଶ , (10)

where ߤ  is the damping coefficient of the two ropes, ( ),௧  denotes partial differentiation with 
respect to ݐ. 

Inserting Eqs. (3), (5), (8) and (9) into Eq. (2), using variational method and integrating by 
parts where necessary, yields the system of equations for the dynamic deflections as: 

ቊݑൣߩଵ,௧௧ + ଵ,௫௧ݑଵݒ2 + ܽଵݑଵ,௫ + ଵ,௫௫ݑଵଶݒ + ܽଵ൧ − ଵ,௫௫ݑܣܧ − ଵ,௧௫௫ݑܣܧߤ = 0, 0 < ଵݔ < ݈ଵ,ݑൣߩଶ,௧௧ + ଶ,௫௧ݑଶݒ2 + ܽଶݑଶ,௫ + ଶ,௫௫ݑଶଶݒ + ܽଶ൧ − ଶ,௫௫ݑܣܧ − ଶ,௧௫௫ݑܣܧߤ = 0, 0 < ଶݔ < ݈ଶ, (11)

where the subscripts ݔ and ݐ denote partial differentiation, ܽଵ(ݐ) and ܽଶ(ݐ) are the instantaneous 
translational acceleration of each rope. 

The associated boundary conditions are: 
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൞12 ݉ ൜ ݐ߲߲ ሾ߭ሿ + ݔ߲߲ ሾ߭ሿൠ + ଵ,௫ݑܣܧ = 0, ଵݔ = ݈ଵ,12 ݉ ൜ ݐ߲߲ ሾ߭ሿ + ݔ߲߲ ሾ߭ሿൠ + ଶ,௫ݑܣܧ = 0, ଶݔ = ݈ଶ, (12)

where ሾ߭ሿ is short for: 

൤ݒଵ + ଶ2ݒ + 12 ൬ݑܦଵݐܦ ห ௫భୀ௟భ + ݐܦଶݑܦ ห ௫మୀ௟మ൰൨.
3. Spatial discretization 

The derived governing equations are nonlinear partial differential equations (PDEs), and it is 
impossible to obtain an exact analytical solution. The Galerkin’s effort is applied here to truncate 
the infinite-dimensional Eq. (11) and (12) into a set of nonlinear finite-dimensional ordinary 
differential equations with time-variant coefficients. Using the transformations: 

௜ߦ = (ݐ)௜݈(ݐ)௜ݔ ௜ߦ   , ∈ ሾ0,1ሿ, ݅ = 1, 2, (13)

to transform the time-variant domain ሾ0, ݈௜(ݐ)ሿ  to a time-invariant domain [0, 1]. The new 
dependent variable can be expressed as: ݓ௜(ߦ௜, (ݐ = ,௜ݔ)௜ݑ ݅   ,(ݐ = 1, 2, (14)

and the partial derivatives of ݑ௜(ݔ௜, ,௜ߦ)௜ݓ are related to those of ݐ ௜ andݔ with respect to (ݐ  with (ݐ
respect to ߦ௜ and ݐ: 

௜,௫ݑ = 1݈௜(ݐ) ௜,௫௫ݑ   ,௜,కݓ = 1݈௜ଶ(ݐ) ,௜,కకݓ ௜,௧ݑ = ௜,௧ݓ − (ݐ)௜݈௜ߦ௜ݒ ௜,కݓ ,
௜,௫௧ݑ = − (ݐ)௜ଶ݈(ݐ)௜ݒ ௜,కݓ + 1݈௜(ݐ) ቆݓ௜,క௧ − (ݐ)௜݈௜ߦ(ݐ)௜ݒ ௜,కకቇݓ ,
௜,௧௧ݑ = ௜,௧௧ݓ − 2 (ݐ)௜݈௜ߦ(ݐ)௜ݒ ௜,௧కݓ + (ݐ)௜ଶ݈௜ଶߦ(ݐ)௜ଶݒ ௜,కకݓ + ௜ߦ(ݐ)௜ଶݒ2 − ܽ௜(ݐ)ߦ௜݈௜(ݐ)݈௜ଶ(ݐ) .௜,కݓ

 (15)

Substituting Eqs. (14), (15) into Eq. (11), (12) yields: 

ەۖۖ
۔ۖۖۖ
ۖۖۖ
ଵ,௧௧ݓߩۓ + ଵ݈ଵݒߩ2 (1 − ଵ,௧కݓ(ଵߦ + ଵଶ݈ଵଶݒߩ ଵߦ) − 1)ଶݓଵ,కక + ቆܽߩଵ݈ଵ − ଵଶ݈ଵଶݒߩ2 ቇ (1 − ଵ,కݓ(ଵߦ + ܣܧ−      ଵܽߩ 1݈ଵଶ ଵ,కకݓ − ܣܧߤ ቆ− ଵ݈ଵଷݒ ଵ,కకݓ + 1݈ଵଶ ଵ,௧కకݓ − ଵ݈ଵଷݒ ଵ,కకݓ − ଵ݈ଵଷߦଵݒ ଵ,కకకቇݓ = 0,         0 < ଵߦ < ଶ,௧௧ݓߩ,1 + ଶ݈ଶݒߩ2 (1 − ଶ,௧కݓ(ଶߦ + ଶଶ݈ଶଶݒߩ ଶߦ) − 1)ଶݓଶ,కక + ቆܽߩଶ݈ଶ − ଶଶ݈ଶଶݒߩ2 ቇ (1 − ଶܽߩ+      ଶ,కݓ(ଶߦ − ܣܧ 1݈ଶଶ ଶ,కకݓ − ܣܧߤ ቆ− ଶ݈ଶଷݒ ଶ,కకݓ + 1݈ଶଶ ଶ,௧కకݓ − ଶ݈ଶଷݒ ଶ,కకݓ − ଶ݈ଶଷߦଶݒ ଶ,కకకቇݓ = 0,        0 < ଶߦ < 1,

(16)



1483. LONGITUDINAL RESPONSE OF PARALLEL HOISTING SYSTEM WITH TIME-VARYING ROPE LENGTH.  
YANDONG WANG, GUOHUA CAO, ZHENCAI ZHU, JINJIE WANG, NAIGE WANG 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. DEC 2014, VOLUME 16, ISSUE 8. ISSN 1392-8716 4093 

۔ە
݉ۓ ܽଵ + ܽଶ4 + 4݉ ଵ,௧௧ݓ + 4݉ ଶ,௧௧ݓ + ଵ݈ܣܧ ଵ,కݓ = 0, ଵߦ   = 1,݉ ܽଵ + ܽଶ4 + 4݉ ଵ,௧௧ݓ + 4݉ ଶ,௧௧ݓ + ଶ݈ܣܧ ଶ,కݓ = 0, ଶߦ   = 1. (17)

The solution of Eqs. (16)-(17) are assumed in the form: 

۔ۖەۖ
,ଵߦ)ଵݓۓ (ݐ = 1ඥ݈ଵ(ݐ) ෍ ௡(ଵߦ)௞߰(ݐ)ଵ,௞ݍ

௞ୀଵ ,
,ଶߦ)ଶݓ (ݐ = 1ඥ݈ଶ(ݐ) ෍ ௡(ଶߦ)௞߰(ݐ)ଶ,௞ݍ

௞ୀଵ , (18)

where ݍଵ,௞(ݐ)  and ݍଶ,௞(ݐ)  are the generalized coordinates, ߰௞(ߦଵ)  and ߰௞(ߦଶ)  are the trial 
functions, and ݊ is the number of included modes. The trial functions for the model in Fig. 2 are: 

߰௞(ߦ௜) = √2sin ൬2݇ − 12 ௜൰ߦߨ , ݇ = 1, 2, … , ݊, ݅ = 1, 2. (19)

Substituting Eq. (18) into Eq. (16)-(17), multiplying the governing equation by ߰௝(ߦ)/ඥ݈(ݐ), 
integrating it from ߦ௜ = 0 to 1, and using the boundary conditions and the orthonormality relation 
for ߰௞(ߦ௜) yields the discretized equations of longitudinal vibration for the parallel hoisting ropes: ൤ۻଵ ଶ൨ۻ ൤ܙሷ ଵܙሷ ଶ൨ + ൤۱ଵ ۱ଶ൨ ൤ܙሶ ଵܙሶ ଶ൨ + ൤۹ଵ ۹ଶ൨ ቂܙଵܙଶቃ = ൤۴ଵ۴ଶ൨, (20)

where ܙଵ  and ܙଶ  are the vectors of generalized coordinates, ۻଵ  and ۻଶ  are symmetric mass 
matrices, ۱ଵ  and ۱ଶ  are symmetric damping matrices, ۹ଵ  and ۹ଶ  are symmetric stiffness  
matrices, and ۴ଵ and ۴ଶ are generalized force vectors. Entries of the system matrices and the force 
vectors are given in Appendix. 

4. Application 

Numerical simulation tests are applied to evaluate the proposed mathematical models. The 
parameters for the hoisting system are ߩ = 12.6 kg/m, ߤ = 0.01, ݉ = 66.5 t. The prescribed 
displacement, velocity, acceleration curves of the conveyance are shown in Fig. 3. The 
acceleration and maximum velocity are 1 m/s2 and 10 m/s respectively. The initial and maximum 
lengths of both ropes are 1 m and 1501 m respectively. 

a) 
 

b) 
 

c) 
Fig. 3. Movement curves of the conveyance 
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4.1. Comparison between numerical solution and ADAMS simulation 

MSC.ADAMS is a well-known multi-body simulation software package which is used to 
analyze the dynamical and kinematical properties of mechanical systems, and can also be used to 
verify the validity of theoretical solutions. On the basis of the concentrated-mass theory with 
multi-DOF, the two ropes are discretized into a certain amount of rigid cylinders, and each 
cylinder is set as 1 m long and 12.6 kg of weight. In order to simplify the simulation model, all of 
the cylinders of one rope are wound many coils around one head sheave in the same circle, as 
shown in Fig. 4. Aiming at reflecting the mechanical characteristics of the steel wire rope, the 
bushing force, a six-order diagonal matrix, is employed to connect two adjacent cylinders, and the 
first cylinder of each rope is connected to each side of the balance lever by revolute joint, as shown 
in Fig. 4. In order to minimize the lateral influence on the hoisting ropes when the balance lever 
rotates around its middle point, the length of the balance lever is set as 10 m. The conveyance is 
connected to the middle point of the balance lever by revolute joint, and a translational joint is 
created between the conveyance and the ground to constrain the transverse displacement of the 
conveyance. The weight of the conveyance is set as 66.5 t and the balance lever 1 kg. 

 
Fig. 4. ADAMS simulation model 

 
Fig. 5. Schematic of the ADAMS driving strategy 

The ADAMS simulation is carried out using the driving strategy given by Wang J. J. [20], and 
the driving strategy can be summarized as follows. As shown in Fig. 5, each cylinder is connected 
to its head sheave by one fixed joint, and the wrap angle of each cylinder corresponding to the 
axis of the head sheave is ߠ. Then, the angle sensor corresponding to each fixed joint is created to 
detect the rotation angle of the head sheave. Driven by the rotational joint motion, each head 
sheave will rotate around its axis. When the rotation angle of the head sheave equals to  (݅ − 1) ൈ  the ,(while the center of ݅th cylinder reaches the base line which is defined initially) ߠ
ith sensor will be triggered and act to invalidate the ݅th fixed joint, then the ݅th cylinder will be 
separated from its head sheave which can achieve the hoisting cable reeled out. 

The boundary excitations are given by ݁ଵ(ݐ) = 0.01sin(ݐߨ) and ݁ଶ(ݐ) = 0.01sin(2ݐߨ). The 
longitudinal response of the model in Fig. 2 is calculated with ݊ =10, and the comparisons 
between the ADAMS simulation and the numerical solution are shown in Fig. 6. 

Fig. 6 has shown that the numerical solution inosculates well with the ADAMS simulation, 
which can verify the validity of the numerical solution. The small differences between the two 
results can be explained as follows: (i) Only longitudinal stiffness and axial damping are 
considered in the numerical solution, while the simulation is still affected by the bending stiffness, 
torsional stiffness, transverse damping and torsional damping. (ii) The transverse vibration affects 
the longitudinal vibration in the simulation. (iii) The simulation model is relatively simple. 


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a) Comparison of rope 1 

 
b) Comparison of rope 2 

Fig. 6. Comparisons between ADAMS simulation and numerical solution 

4.2. Discussion 

The longitudinal vibration characteristics of the mechanical model shown in Fig. 2 are 
examined under different system coefficients, and the numerical results are shown in Figs. 7-10. 
Figs. 7-10 have displayed that the resonance phenomenon happened two times in both ropes. The 
reason can be explained as follows. For the parallel hoisting system with TABD attached to the 
ends of both rope, as shown in Fig. 2, the static longitudinal displacement of the conveyance (ݐ)ݓ 
can be expressed as: 

(ݐ)ݓ = 12 ሾ݈ଵ(ݐ) + ݈ଶ(ݐ)ሿ = (ݐ)݈ + 12 ሾ݁ଵ(ݐ) + ݁ଶ(ݐ)ሿ. (21)

 
Fig. 7. Longitudinal responses of the hoisting ropes with  ݁ଵ(ݐ) = 0.01sin(ݐߨ), ݁ଶ(ݐ) = 0.01sin(2ݐߨ) and ܣܧଵ = ଶܣܧ = 4.894×108 N 
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Since the conveyance is suspended by both ropes, the last two terms of Eq. (21), ݁ଵ(ݐ) + ݁ଶ(ݐ), 
will consequently be another excitation which will affect the longitudinal responses of both ropes. 
That is to say, if the natural frequency of one rope closes to the frequency of ݁ଵ(ݐ) or ݁ଶ(ݐ), that rope 
will resonate.  

 
Fig. 8. The first order natural frequencies of the two hoisting ropes corresponding to Fig. 7 

 
Fig. 9. Longitudinal responses of the hoisting ropes with  ݁ଵ(ݐ) = 0.01sin(ݐߨ), ݁ଶ(ݐ) = 0.01sin(2ݐߨ), ܣܧଵ = 2.447×108 N and ܣܧଶ = 4.894×108 N 

 
Fig. 10. The first order natural frequencies of the two hoisting ropes corresponding to Fig. 9 

It is certain that the excitation ݁ଵ(ݐ) at the upper end of rope 1 will cause vibration in rope 1. 
This vibration will be superposed onto the vibration caused by the conveyance after being 
dissipated by the system damping. Similarly, the dynamical displacement at the lower end of  
rope 2 is also a result of superposition of two vibrations caused by the conveyance and ݁ଶ(ݐ), 
respectively. This can explain that when the longitudinal stiffness of the two ropes are the same, 
the dynamical displacement of rope 2 is larger than that of rope 1 when the natural frequency of 
the rope closes to the frequency of ݁ଶ(ݐ), and the dynamical displacement of rope 1 is larger than 
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that of rope 2 when the natural frequency of the rope closes to the frequency of ݁ଵ(ݐ), as shown 
in Fig. 7. 

Moreover, all the longitudinal vibration curves have shown that the acceleration affects the 
longitudinal response a lot, especially when the rope is relatively long.  

4.3. Control strategy 

As performed in [9], a Lyapunov controller which controls the output of driven motor can 
dissipate the longitudinal vibratory energy very well. For the hoisting system shown in Fig. 1, there 
are two main factors that cause system vibration: the movement profile curves (namely the 
acceleration/deceleration) and the external excitations. The vibration caused by the former factor is 
inevitable due to the change of time-varying dynamic parameters such as rope length, hoisting 
velocity, acceleration etc. The latter factor includes three main sources: the outline of head sheave, 
the eccentricity of head sheave and the interference generated by the varying length of catenary, as 
shown in Fig. 11. For the parallel hoisting system, whose two hoisting ropes are driven by one motor, 
the external excitation of each rope will be different considering the superposition of the three 
sources, and it is infeasible to dissipate the vibration by controlling the output of motor. Thus, it will 
be a promising way to solve the vibration problem by controlling the movement of each head sheave. 

 
a) Outline of head sheave 

 
b) Eccentricity of head sheave 

 
c) Interference model of motion 

Fig. 11. External excitations  

As shown in Fig. 12, each head sheave is installed on a displacement actuator, which is fixed 
on the head frame, and can move vertically driven by the actuator. If the movement of each head 
sheave, expressed as ݁ଵᇱ(ݐ)  and ݁ଶᇱ ,(ݐ)  respectively, satisfies ݁ଵ(ݐ) + ݁ଵᇱ(ݐ) = 0 and  ݁ଶ(ݐ) + ݁ଶᇱ (ݐ) = 0, then the rope will vibrate only due to the acceleration/ deceleration, and no 
resonance will happen. If ݁ଵᇱ(ݐ)  and ݁ଶᇱ (ݐ)satisfy ݁ଵ (ݐ) + ݁ଵᇱ(ݐ) + ݁ଶ(ݐ) + ݁ଶᇱ (ݐ) = 0, then the 
excitation from the conveyance vanishes. Though each excitation at the upper end of each rope 
will still affect the corresponding rope, they will affect little on the lower ends of both ropes due 
to the effect of damping, as shown in Figs. 13-14. 

 
Fig. 12. Schematic of control strategy 
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Fig. 13. Longitudinal responses of the hoisting ropes with  ݁ଵ(ݐ) = 0.01sin(2ݐߨ + (ݐ)ଶ݁ ,(ߨ = 0.01sin(2ݐߨ) and ܣܧଵ = ଶܣܧ = 4.894×108 N 

 
Fig. 14. Longitudinal responses of the hoisting ropes with  ݁ଵ(ݐ) = 0.01sin(2ݐߨ + (ݐ)ଶ݁ ,(ߨ = 0.01sin(2ݐߨ), ܣܧଵ = 2.447×108 N and ܣܧଶ = 4.894×108 N 

5. Conclusions 

1) The mechanical model of the parallel hoisting system with TABD attached to each of the 
rope has been established after several simplifications. Consequently, the governing equations of 
the longitudinal response of parallel hoisting system have been derived based on Hamilton’s 
principle. 

2) An ADAMS simulation of the parallel hoisting system has been established based on the 
theory of multi-DOF, and the simulation results have verified the validity of the numerical  
solution. 

3) For the parallel hoisting system with TABD attached to the ends of all ropes, the vibration 
of each rope is a superposition of two vibrations caused by the excitations from the conveyance 
and the upper end of the rope, respectively. Due to the effect of damping, the excitation from the 
conveyance will be the key factor that causes the vibration at the lower ends of both ropes. System 
acceleration will also cause relatively large vibrations in the ropes. 

4) When the movement of each displacement actuator is properly designed, the proposed 
control strategy can dissipate the vibration of parallel hoisting system greatly. This offers an 
opportunity to stabilize the hoisting system through design of specific displacement actuator 
movement curve, which is a key issue in the future research. 
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Appendix 

Entries of the system matrices and the force vectors in Eq. (20) are: 

ଵ௜௝ۻ = ௜௝ߜߩ + 4݉ ݈ଵି ଵ߰௜(1)߰௝(1) + 4݉ ݈ଵି ଵଶ݈ଶି ଵଶ߰௜(1)߰௝(1),۱ଵ௜௝ = ଵ݈ଵିݒߩ− ଵߜ௜௝ + ଵ݈ଵିݒߩ2 ଵ න (1 − ଵଵߦ݀(ଵߦ)௝߰(ଵߦ)ଵ)߰௜ᇱߦ
଴ ଵିଶ݈ܣܧߤ−          න ߰௜ᇱᇱ(ߦଵ)߰௝(ߦଵ)݀ߦଵଵ

଴ − 4݉ ଵ݈ଵିݒ ଶ߰௜(1)߰௝(1) − 4݉ ଵ݈ଵିݒ ଷଶ݈ଶି ଵଶ߰௜(1)߰௝(1), ۹ଵ௜௝ = ሾߩ(ܽଵ − ଵଶ݈ଵିݒ2 ଵ)݈ଵି ଵ − ଵଶ݈ଵିݒߩ ଶሿ න (1 − ଵଵߦ݀(ଵߦ)௝߰(ଵߦ)ଵ)߰௜ᇱߦ
଴         + ൬34 ଵଶ݈ଵିݒߩ ଶ − 12 ଵ݈ଵିܽߩ ଵ൰ ௜௝ߜ + ଵଶ݈ଵିݒߩ ଶ න ଵߦ) − 1)ଶ߰௜ᇱᇱ(ߦଵ)߰௝(ߦଵ)݀ߦଵଵ

଴ ଵି݈ܣܧ−         ଶ න ߰௜ᇱᇱ(ߦଵ)߰௝(ߦଵ)݀ߦଵଵ
଴ + 52 ଵି݈ݒܣܧߤ ଷ න ߰௜ᇱᇱ(ߦଵ)߰௝(ߦଵ)݀ߦଵଵ

଴ ܣܧߤ+         ଵ݈ଵଷݒ න ଵଵߦ݀(ଵߦ)௝߰(ଵߦ)ଵ߰௜ᇱᇱᇱߦ
଴ + ൬31݉6 ଵଶ݈ଵିݒ ଷ − 8݉ ܽଵ݈ଵି ଶ൰ ߰௜(1)߰௝(1)        + ቆ31݉6 ଵଶ݈ଵିݒ ହଶ − 8݉ ܽଵ݈ଵି ଷଶቇ ݈ଶିଵଶ߰௜(1)߰௝(1), ۴ଵ௝ = ଵ݈ଵଵଶܽߩ− න ߰௝(ߦଵ)݀ߦଵଵ

଴ − ݉ ܽଵ + ܽଶ4 ݈ଵି ଵଶ߰௝(1), ۻଶ௜௝ = ௜௝ߜߩ + 4݉ ݈ଶି ଵ߰௜(1)߰௝(1) + 4݉ ݈ଵି ଵଶ݈ଶି ଵଶ߰௜(1)߰௝(1), ۱ଶ௜௝ = ଶ݈ଶିݒߩ− ଵߜ௜௝ + ଶ݈ଶିݒߩ2 ଵ න (1 − ଶଵߦ݀(ଶߦ)௝߰(ଶߦ)ଶ)߰௜ᇱߦ
଴ ଶିଶ݈ܣܧߤ−         න ߰௜ᇱᇱ(ߦଶ)߰௝(ߦଶ)݀ߦଶଵ

଴ − 4݉ ଶ݈ଶିݒ ଶ߰௜(1)߰௝(1) − 4݉ ଶ݈ଶିݒ ଷଶ݈ଵି ଵଶ߰௜(1)߰௝(1), ۹ଶ௜௝ = ሾߩ(ܽଶ − ଶଶ݈ଶିݒ2 ଵ)݈ଶି ଵ − ଶଶ݈ଶିݒߩ ଶሿ න (1 − ଶଵߦ݀(ଶߦ)௝߰(ଶߦ)ଶ)߰௜ᇱߦ
଴         + ൬34 ଶଶ݈ଶିݒߩ ଶ − 12 ଶ݈ଶିܽߩ ଵ൰ ௜௝ߜ + ଶଶ݈ଶିݒߩ ଶ න ଶߦ) − 1)ଶ߰௜ᇱᇱ(ߦଶ)߰௝(ߦଶ)݀ߦଶଵ

଴ ଶି݈ܣܧ−         ଶ න ߰௜ᇱᇱ(ߦଶ)߰௝(ߦଶ)݀ߦଶଵ
଴ + 52 ଶି݈ݒܣܧߤ ଷ න ߰௜ᇱᇱ(ߦଶ)߰௝(ߦଶ)݀ߦଶଵ

଴ ܣܧߤ+         ଶ݈ଶଷݒ න ଶଵߦ݀(ଶߦ)௝߰(ଶߦ)ଶ߰௜ᇱᇱᇱߦ
଴ + ൬31݉6 ଶଶ݈ଶିݒ ଷ − 8݉ ܽଶ݈ଶି ଶ൰ ߰௜(1)߰௝(1)        + ቆ31݉6 ଶଶ݈ଶିݒ ହଶ − 8݉ ܽଶ݈ଶିଷଶቇ ݈ଵି ଵଶ߰௜(1)߰௝(1), ۴ଶ௝ = ଶ݈ଶଵଶܽߩ− න ߰௝(ߦଶ)݀ߦଶଵ

଴ − ݉ ܽଵ + ܽଶ4 ݈ଶି ଵଶ߰௝(1), 
where ݆݅ߜ is the Kronecker delta function, ݆݅ߜ = 0 if ݅ ≠ ݆ and ݆݅ߜ = 1 if ݅ = ݆. 
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