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The dynamic responses of parallel hoisting system with time-varying length and rigid guidance under drive deviation are
investigated considering tension and torsion characteristics of the ropes. The variable-domain three-node elements of rope are
employed and the corresponding differential algebraic equations (DAEs) are derived using Lagrange’s equations of the first kind.
The slack situation of the rope is considered, and the dynamic equations which are systems of DAEs are transformed to ordinary
differential equations (ODEs). The dynamic responses of tension, torsion, and acceleration are analyzed considering radius’” error
of the drums, which indicates that the drive deviation between ropes can cause large influence on the tension difference and even
cause one of the ropes to slack. However, the torsion of the corresponding rope is active. And unreasonable discordance between

ropes should be controlled for the design and manufacture of drum on super deep parallel hoisting system.

1. Introduction

Parallel hoisting system, which has the advantage of large
carrying capacity, small rotation of conveyance, excellent
security performance, and fine economic performance, works
at the manner that one conveyance is hoisted cooperatively by
several cables [1]. Parallel hoisting system is widely used due
to the increase of lifting heavy and large volume loads, such as
elevator hoisting system (Figure 1(a)), mine hoisting system
(Figure 1(b)), and parallel suspension platform of vertical
shaft in construction.

The parallel hoisting system will vibrate subject to the
excitation sources including ripple of the motor, turbulence
of transmission device, abrasion of winding drum, and the
eccentricity of head sheave. These vibrations will affect the
stability of the conveyance and may also cause damage to the
ropes, which will further lead to accidents.

Dynamic characteristics of single rope hoisting sys-
tem with time-varying length have been studied by many

researchers. Zhu and Ni investigated the linear lateral dynam-
ics of beam and string with an arbitrarily varying length
by Hamiltons principle and Galerkin’s method [2]. Kacz-
marczyk and Ostachowicz described the coupled lateral-
longitudinal dynamic response of the cables in deep mine
hoisting system with a depth of 2085m and formulated a
discrete mathematical model by Rayleigh-Ritz procedure [3].
Wang et al. investigated the lateral response of the moving
hoisting conveyance in cable-guided hoisting system [4]. All
of these researches in hoisting system with single cable are
the foundations for the dynamic research of parallel hoisting
system.

As the application of parallel hoisting systems is increas-
ing, people are paying more and more attention on its
research. Zhu and Ren developed a spatial discretization
and substructure method to accurately calculate the dynamic
responses of single and multiple suspension cables with
length-variant distributed-parameter components, which
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FIGURE 1: Parallel hoisting system.

simplified the handle of boundary conditions [5]. References
[6-9] investigated the dynamics of cable-suspended parallel
system, but the vibrations of cables themselves are not
considered. So, it could not get accurate results. Shao et al.
investigated the dynamics of a sinking winch mechanism
in the framework of nonsmooth dynamics considering the
unilateral property of cable and presented a numerical sim-
ulation method which is suitable for the dynamic analysis of
the sinking winch mechanism [10]. Du et al. addressed the
dynamic modeling of large CDPM:s using a variable-domain
finite element method; the effects of cable length variation
and the resulting mass variation are also considered [1]. Wang
et al. established the longitudinal vibration model of parallel
hoisting system with tension autobalance device attached to
the ends of all hoisting ropes and showed the influence on
longitudinal response of different coefficients and excitations
[11].

Finite element method (FEM), as a well-known and effi-
cient numerical method, has been widely used in engineering
problems [12]. It can be used to deal with the dynamic
problem of continuum [13]. Stylianou and Tabarrok analyzed
the dynamic characteristic of an axially moving beam [14, 15].
Wang et al. investigated three-dimensional vibrations of an
underwater geometrically nonlinear cable with a weight at
the lower end [16]. Moustafa et al. considered the modeling
problem of the dynamics of overhead cranes with flexible
cable and load hoisting or lowering during crane travel [17].
All these researches are investigated by variable-domain FEM
(Vd-FEM). The Vd-FEM does not need to find trial functions
to satisfy the boundary conditions while shape functions
are used as interpolation functions. And the displacement
boundary conditions at upper ends of cables can be satisfied
accurately by modifying the global matrix properly.

Wire rope, for its complex helical structure, will produce
twist motion or torsion under axial load. Costello derived the
coupled stiffness coeflicient of wire rope, which can be used
to express the relation between axial force and torsion with
strain [18]. Thus, when ropes vibrate longitudinally, the tor-
sional vibrations will also occurred. The different upper ends
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FIGURE 2: Model of parallel hoisting system.

excitations will cause different tension and torsion of ropes.
The torsion difference will cause the conveyance rotating
around the vertical axis, and tension difference in ropes also
causes the conveyance rotating around the horizontal axis.
Sometimes the rotation of conveyance can be uncomfortable
for the passengers or even damage the guide devices. In this
paper, the dynamic responses of parallel hoisting system with
time-varying length and rigid guidance under drive deviation
are investigated considering tension and torsion character-
istics of ropes. The variable-domain three-node elements of
rope are used and the corresponding differential algebraic
equations (DAEs) are derived by Lagrange’s equations of the
first kind, which are for working out several challenging
problems including the tensions and torsions between the
conveyance and cables and the conveyance motion. The
dynamic responses of parallel hoisting system are discussed
by considering radius’ error of drum.

2. Model for Parallel Hoisting System

2.1 Description of Parallel Hoisting System. Parallel hoisting
system depicted in Figure 1 can be simplified as k parallel
ropes with an attached conveyance which is restrained by
rigid guidance, where k is the number of hoisting ropes,
as shown in Figure 2. Length of each rope is I(t) at time ¢
excluding the excitation at upper end. The vertically trans-
lating velocity and acceleration of ropes are v(t) = I(t) and
a(t) = I(t), where the overdot denotes time differentiation,
and the same representation is used as follows.

e;(t) represents the longitudinal drive deviation on ith
rope at upper end, which might be caused by the radius’
error or irregular outline of drum. 8, and ¢, denote the angle
displacements of conveyance about vertical axis x, and hori-
zontal axis z, as shown in Figure 2. The following assumptions
constrain the analysis. (1) Guidance devices are always keep-
ing in touch with rigid guidance under preload; (2) the whole
friction can be neglected; (3) the influence of lateral vibration
of rope on the system is small enough to be neglected; (4) the
ropes mechanical parameters remain constant.

2.2. Equations of Motion. The kinetic energy of the k ropes
and conveyance is given by
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where 7 is the number of elements in each rope, p is density
of hoisting rope per unit length, J is the moment of inertia
of hoisting rope about its central axis, and j denotes the jth
element of the ropes. m,, ] .., and J ., are mass and the moment
of inertia about its vertical and horizontal axis of conveyance,
respectively. u, is the dynamic longitudinal displacement of
conveyance. The operator D/Dt is given by D/Dt = 0/dt +
v(0/0x).

In (1), u; and 6; are given as

w (x6,t) = N; (6,1 () @i (1),
6; (x,) = N; (x,1(1)) p;; (1), )
X;SX<Xj, j=L2,...,nm,

where q; ;(t) (tinj1 Uinj ui,2j+1]T
0;2j-1 0i2j iz 11T are longitudinal and torsional dis-
placement vectors, N;(x,]) = [N;; Nj; Nj] is shape
function matrix depending on I(f), where N;; = 2 P+
nx(1-4j)/1+2(nx/D)* N, = 4[j- j* +nx(2j-1)/I- (nx/])*],
and Nj3 = 1-3j+ 2 +nx(3 - 4j)/1 + 2(nx/1)*.

The jth and (j + 1)th elements of ith rope are shown
in Figure 3, in which T and M are the tension and torsion
between the two elements.

Considering the dynamic displacement and static elastic
deformation, the strain energy of the hoisting system is
formulated as

and pi)j(t) =

E

e

M»

n i)/
Zj [( +1Tfl)si+<Mf+lMid>¢i]dx N
(G-DUe)/n 2 2 3)

j=1

Il
—

i
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where & = u;, and ¢; = 0;, denote the longitudinal
and torsional strain, respectively, where the subscript x
denotes partial differentiation with respect to x, and the

same representation is used as follows. The static tension and
torsion in ith rope can be expressed as

m.g

T, =p((t) - P (4)
C ’1-;C IC

M= 5%
T (5)

The dynamic tension and torsion can be given, respec-
tively, as

T = Qle; + Qs (6)
M = Qe + Q¢ )

in which Qf and Qf denote longitudinal and torsional stiff-
ness coefficients of ith rope, respectively. Qf’ and Q! denote
the coupled stiftness coefficient [18]. k. is the equivalent stiff-
ness of guide devices; r, is the horizontal distance between
the center of conveyance and rigid guidance; r, is the vertical
distance between guide devices and the center of conveyance.
Setting the initial position as the place of zero gravita-
tional potential energy, the gravitational potential energy of
system can be written as
k
=)

i=1 j

M:

ji®)/n
I pgu;dx —m gu,. (8)
1 )N(t)/n

According to the viscoelastic properties of wire rope [19],
the equivalent external nodal load on the jth element of ith
rope is formulated as

jlit)/n T
feuj = J . fucN]’ dx’
(-DI®)/n

jl®)/n T
fe@j = J . fOCNj dx,
(-DI®)/n

€

where £, = 8,(Qe;, + Qg fa = Lo(Qjei + Q¢y,), and
(, and {, are longitudinal and torsional damping coeflicients,
respectively.

The global equivalent external nodal load can be obtained
as ) f,,;and } f,5;, where )’ denotes the assembly operator of
the Vd-FEM.

The damping force of guide device on conveyance is given
as

Feec = _Sccrlec’

, (10)
Ferpc = _4Ccr2§0c’

where ¢, is equivalent damping of guide devices.



Since g, is very small, it can be obtained approximately by
the dynamic displacement of the lower ends of ropes as

u -u
9=, - ( 1,2n+1 y 2,2n+1) =0, (ll)
where d is the distance between adjacent ropes.
The geometric relationships between dynamic longitudi-

nal displacement of conveyance and k ropes at lower ends are
given as

d c(k_ 1)
G = U, — (“1,2n+1 - QT) =0,

. (12)
9i = Uione1 — (“1,2n+1 -@i-1) d‘Pc) =0,

i=3,4,...,k

The dynamic torsional displacements of lower ends of
ropes can be expressed by the rotation angle of conveyance
as

Gri = Oign 6. =0, i=1,2,...,k (13)

Substituting (1)-(10) into Lagrange’s equations of the first
kind [20]

dor or O(E.+E,) % dg;

and using a standard assembly procedure of the FEM [12],
the dynamic equations of k ropes and conveyance without the
excitations at upper ends can be obtained as

MQ+CQ+KQ=F+GA, (15)
g(Qt)=0 (16)

which is a system of DAEs, where Q = [u,,,0, ), 1,,,0,,.. .,
Wi ans1> Ok ami1s Uer O ¢.]" is the displacement vector of all the
nodes on k ropes and three degrees of freedom of conveyance.

M= ["y]c = [®e] K = [®g] and
F = [FTD FCT]T are the matrixes of mass, damping, stiffness,
and force. Mp, Cp, Ky, and Fp, are the global matrixes of
ropes assembled from element matrixes, which are listed
in the Appendix. And M, = diag(m,, J.., J,), C, =
diag(0, 8¢.r7,4c.r2), K, = diag(0,8k.r7,4k.r7), and F, =
[m.(g —a) 0 0]". g(Q,t) is a 2k-order vector which
includes the constraint equations (11)-(13); G = 0g/0Q, A =
A A, Ay, ]T are Lagrange multipliers.

Considering the following DAEs calculation, according to
(11)-(13), the 2k x [2k(2n + 1) + 3] matrix G can be written as
G =[G, G|, where G, is 2k x (4nk + 3) matrix and G, is
2k x 2k matrix. .

Rewriting the displacement vector as Q = [QOT Qﬂ ,
where Q, is a 4nk + 3 vector and Q, is a 2k vector, hence,
Q can be expressed by Q, as

Q =UQ,, (17)

where U = [ _GIIIGU ] and I is 4nk + 3 identity matrix.
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Differentiating (17) twice with respect to ¢ yields
Q = UQ0>
Q = UQo-

(18)

Substituting (17) and (18) into (15) and premultiplying
it by U”, the dynamic equations of ropes and conveyance
without excitations at upper ends are formulated as

MQ, + CQ, +KQ, = F, (19)

which is a system of ordinary differential equations (ODEs),
where M = UT™MU, C = U'CU, K = U'KU, and F = U"F.
When longitudinal excitations u;, = e;(t) and torsional

constraint 6;; = 0 are imposed on the upper ends of ropes,

the dynamic equations should be converted into the form as
follows:

MQ,+CQ,+KQ,=F, (20)

where M, C, and K are obtained from M, C, and K by deleting
the 1 to 2k rows and the 1 to 2k columns and Q, is obtained
from Q, by deleting the 1 to 2k row. And F is obtained form
F by the operation that

esl!

k k

a~ Fu+2k - ZMaJer,Zp—lép () - ZCﬂHZk)Zp*lép (t)
p=1 p=1

(21)

k
- ZKtHZk,prlep (t)»
p=1

wherea =1,2,...,4nk + 3 — 2k.

2.3. Rope Slack Condition. Now consider a conveyance
hoisted by two ropes, the dynamics of the system will be more
complex if one of ropes is slack due to the deviation of drums.
One rope is completely slack or tight which is judged by the
tension at the connection point of the conveyance. Before
the rope is completely slack, the dynamic response can be
obtained by the equations derived before. But, if the slack rope
is completely slack, the constraint condition between ropes
and conveyance will change.

When one rope is slack, it will not bear loads from
the conveyance while the torsion still exists. Then, the
dynamic torsional displacements of lower ends of ropes can
be expressed by the rotation angle of conveyance as

9i = 9i,2n+1 - Gc =0, i=12 (22)

If rope 1 was slack, the relationship between dynamic
longitudinal displacement of conveyance and ropes at lower
ends can be given as

2
g3 =@+ 7 (Ug2n41 — 1) = 0. (23)
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FIGURE 4: Prescribed movement profiles.

For the convenient of dealing with the constraint condi-
tion, the sequence of elements in Q is transformed, and the
expression of G, can be expressed as

G01,4(2n)+2 = G02,4(2n)+2 =-1
5 (24)

G03,4(2n)+3 = _G03,4(2n)+4 = d

The process of transforming DAEs to ODEs and obtain-
ing the solution is the same as above, and it could be solved
by Newmark-f method.

3. Results and Analysis

3.1. Parameters. In mine hoisting system, travelling distance
ranges is large and continuously being increased. For exam-
ple, in the South African gold mining industry, the depth of
Kloof Gold Mine shaft is 2085 m, and the hoisting distance
of South Deep Gold Mine has reached 3000 m. Now in
China, new mines with shaft depths in the region of 1000-
2000 m, based on parallel hoisting system, have recently been
considered, for example, mine shafts in Chihong and Linyi. In
this section, two-rope parallel hoisting system is discussed.
The initial and maximum lengths of ropes are reset as 30 m
and 1566 m, respectively. The downward movement profiles
are shown in Figure 4.



TABLE 1: System parameters used in calculation.

Parameter Value

p 11.5kg/m

J 4.518 x 107> kg-m*
Q}, Qs 1.746 x 10° N
Qd, 1.227 x 10* N-m?
- 8.539 x 10° N-m
-Q5, QS 7.969 x 10° N-m
Cur G 13x107

d 0.35m

m, 20t

I 8.313 x 10’ kg-m’
T.. 1.155 x 10* kg-m?
k, 8 x 10° N/m

c 6.7 x 10* Ns/m
r 1.1m

T, 0.8m

R 2.5m

Following the regulations that are mentioned above for
parameter symbols, system parameters used in calculation
are listed in Table 1, in which R is the radius of drum.

The longitudinal drive deviation e;(¢) on ith rope could be
denoted as

e (t)=es;(t)+er;(t), i=12, (25)
where es, (t) = egsin(n, - (I(t) — ,)/R) and es,(t) = eg sin(n, -
(I(t)-1,)/R+«) denote swing amplitude of noncircular drum,
respectively. The eg and « are expressed as eg = « - R and
« = ¢ -7, in which « and ¢ are scale coeflicients; in this paper,
x = 0.001 and ¢ = 0. The coefficients n, and n, denote degree
of defect distribution, respectively; in this paper, n; = 1 and
ny, = 2.er,(t) = 0and er,(t) = (e,/R)(I(t) —I,) denote relative
deviation induced by radius’ error of drum, respectively. The
e, is expressed as e, = & - R, in which & is a scale coefficient.

3.2. Dynamic Response under Drive Deviation. The dynamic
responses of the hoisting system are affected by many factors,
but the influence of the radius’ error of the hoisting rope e,
is more important because it brings large tension difference.
In this paper, the following parametric study will concentrate
on the influence of the radius’ error of the hoisting rope e,
and the dynamic responses are investigated. In addition, the

variable-domain finite element number n = 5 is used for
the convergence of the solution, and the results are shown in
Figures 5~8.

As shown in Figures 5~7, the tension and torsion of both
ropes fluctuate greatly at the beginning because of hoisting
acceleration, and the fluctuation decreases with the hoisting
velocity at constant speed, but resonances occur while the
natural frequency is close to the excitation frequency, which
is shown in Figure 8. It is obvious that the longitudinal and
torsional frequencies about hoisting ropes system decrease as
the length increases, but the rotational frequencies about con-
veyance keep almost unchanged. Intersection points between
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accelerations of conveyance, calculated using & = 0.0005.

the natural frequencies and the excitation frequencies denote
the resonance locations. It should be noted that there are
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multiple resonance locations during time interval 60~90s,
which validate the results of Figures 5~7. Although the tor-
sion of ropes has approximately the same trend of vibration
with tension in the beginning, there is some difference that
the torsions of two ropes increase even if the tension of one
rope drops gradually or the rope is slack. The reason for
this phenomenon is that the weight of rope along varying
length goes up and the tension of upper ends of rope rises
gradually; therefore the torsions of the two ropes move up
which also can be explained by (5) and (7). The accelerations
of conveyance change violently in the horizontal direction
during one rope alternating between the slack and tight states.

The dynamic tension difference between the ropes with
the coeflicient £ = 0.0015 (Figure 7) is changed more than
that with the coefficient & = 0.001 (Figure 6) and & = 0.0005
(Figure 5), which indicates that the deviation between ropes
caused by the winding radius’ error of drum can bring large
influence to the tension difference. It is obvious that even if
the deviation was only 1/1000 of the radius, the tension of
one rope would dramatically drop, even close to zero, which

means that there is an obvious tension imbalance between
two ropes. It is worth noting that intermittent tension of one
rope would happen and last for a long time, which is shown in
Figure 6(a), if the deviation (for example, 1/1000 of the radius)
was inappropriate. It should be emphasized that unreasonable
discordance between ropes would bring tension imbalance
and should be controlled during the design and manufacture
of drum, especially in super deep parallel hoisting system.

4. Conclusions

This paper addresses the modeling of parallel hoisting sys-
tem considering the drive deviation, and the Vd-FEM and
Lagranges equations of the first kind are used to derive
the equations of motion of the system. The dynamic model
using Vd-FEM proposed for parallel hoisting system can
be readily utilized to solve several challenging problems,
including the slack or tight condition of ropes, the tensions
and torsions between conveyance and ropes, and the rotation
of the conveyance.
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It should be noted that the torsions of two ropes increase
even if the tension of one rope drops gradually or the rope is
slack. The drive deviation (only 1/1000 of the radius) between

ropes caused by the winding radius’ error of drum will bring
large influence to the tension difference and even lead to slack
rope. And unreasonable discordance between ropes should
be controlled for the design and manufacturing of drum on
super deep parallel hoisting system.

Appendix

The matrix of element mass, damping, stiftness, and force is
listed as follows:

m; ; = pA,,
Gij=pP (2A3 +2vA] - VAz) + L QAT +kpyA,,
Loy

=P (A6 +2vA; +aA; + VA - VA, - VAS)

+ QM A, + QA +x (pvAy, + pVPALs),
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bAT i)/
Cuigirj = Qi Ay A, = J] ' NN, dx,
. , G-niwm "
K, 0i; = 0.5 (Qi +Q; ) A, +(,Q7A,, i
A :J NI N, _.dx,
fuij Y Gooom P
2 m.g i) /n
=pviAg+p(g-a)As - (pgl + Tc)Ag A, = j NT N, dx,
G-iw/m "
2
+pgAs — Kpv Aqg, l®)/n .
A, = j- N:N...dx,
my; ; = JA;, ¢ JGoiom
T AT ji®)/n
corj =7 (2A3 +2vA, — vA2) + QY A, + kJVA, ), A, = J NN, dx,
" G-viwm "
i l®/n
T 2 2 A = NTdx
=] (Ag +2vA; +aA;] + v Ay — VA, - vA;) 87 om0
d d j
+QIA, + QA +x (JvA, + JVA ), A, - Jﬂ‘”/” N dx
. G-niwm
Coiui,j = (oQiA,, T
b ¢ A n|x:1(t)’
Kgiij = 0.5 (Qi +Q ) A, + QA .
c A = NyNo| o
¢ _ [=Ome/k+pl) gAs + pgAss] Q;
0ij = > T
Q? A12 = NnNn,t x=I(t)°
(A1) .
A= NN
where
l®O/n ;
= (A2) G-DIO)/n
0, others. jlt)/n
A = J xNixdx,
The matrixes of coefficients are as follows: (j=Di®O/n

(A.3)

jl®)/n T
Al = J NN]dX,
(

DI where the derivatives of shape function about ¢ and x are

given as

jlt)/n T
A, = J Nj xdex,
G-vi/n

N. =[4n2x_n(4j—1) 4n(2j-1) sw’x 4n’x  n(4j-3)
mele ] ] ZEE I ’
4n’
Nj,xx:l_2[1 -2 l],
vnx o, . . )
Nj,t=1—3[(4]—1)l—4nx 8nx—4(2j—1)1 (4j-3)1-4nx],

(A4)
nv . . .
N, :1—3[(4j—l)l—8nx 16nx —4(2j-1)1 (4j-3)1-8nx]|,

Joxt

—Pa+2Iv* + 41%aj - 8ljv* + 12nv*x — 4lanx
Nj; = rlz_4x 4 (lza - 2lv* - 2I%aj + 4ljy* — 6mv*x + ZZanx)

(—312a +6lv* + 4l%aj — 8ljv* + 12nmv*x — 4lanx)
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