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ARTICLE INFO ABSTRACT

ATfiC{e history: In this paper, a modelling method and an accurate numerical procedure are presented to
Received 30 January 2018 simulate the dynamical responses of a multi-cable driven parallel suspension platform sys-
Revised 23 March 2018 tem. For such systems, the cables might become slack due to external excitations and due
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- . . to the fact that cables can become tensionless when been pushed in longitudinal direction.
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In lateral and torsional directions, the constraint forces between the cables and platform
can be positive as well as negative. This paper will deal with the non-smooth cable vibra-
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tions (in longitudinal, lateral and torsional directions) by taking into account the slackness
of the cables. Firstly, the Lagrange equation with constraints is used to derive the equa-
tions of motion of the multi-cable suspension platform. Then, by expressing the equations
of motion and constraint equations at velocity level, a non-smooth algorithm is used to nu-

merically solve the equations. Finally, the numerical results are compared with an ADAMS
simulation, and the two results agree well with each other. Moreover, the results in this
paper significantly improve the numerical results used in the analysis of the dynamics for
multi-cable systems which usually neglect the lateral properties of the cables.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

A multi-cable driven parallel suspension platform, which acts as a working platform for workers and carries machines
when constructing vertical shafts, mainly consists of three components: a platform, several suspension cables and winding
winches [1], as shown in Fig. 1. Due to the flexibility of the suspension cables and their interactions, complicated dynamical
phenomena can occur when the platform is lifted up or lowered down. When the cable length is not perfectly controlled,
for example, one of the cables can become longer due to the driving error of its drum, and then this cable may become
slack because of its unilateral bearing property (can only be pulled) in axial direction [2]. And, when it becomes tensioned
again, a shock will be acting on the platform due to the cable state change.

When investigating cable vibrations in single-cable hoisting systems, usually the cable is modelled as a continuum and
the governing equations of the system are derived mostly by Hamilton’s principle [3,4]. By using various spatial discretiza-
tion methods, such as a single-mode approximation [5], a Rayleigh-Ritz procedure [6], a Galerkin’s method [7,8], the as-
sumed mode method [9], and the method of Lagrange equations [10,11], the derived governing equations can be discretized
into ordinary differential equations (ODEs) or differential algebraic equations (DAEs) [12,13], which then can be solved with
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Fig. 1. Multi-cable driven parallel suspension platform system.

numerical methods. Single cable vibration problems can also be solved analytically. Sandilo and van Horssen [14,15] em-
ployed a multiple-timescales perturbation method to construct formal asymptotic approximations to the solutions. Gaiko
and van Horssen [16] and Akkaya and van Horssen [17] used the method of d’Alembert to obtain the exact lateral response
of travelling strings. Laplace transform methods [18,19] can also be used to solve cable vibration problems analytically.

When investigating the dynamics of multi-cable-driven parallel mechanisms, cables in such systems are often simplified
as linear [20] or nonlinear [21] springs, or just represented by force vectors [22], while the mechanical properties of the
cables are ignored, which implies that the interaction between the cable and the suspended subject cannot be analysed cor-
rectly. When considering the unilateral bearing properties of the cables, Shao et al. [2] established a dynamic model of the
shaft construction platform by treating the cables as massless, undamped, and perfectly stiff. He transformed the dynamic
equations to a linear complementary problem (LCP) and derived the non-smooth dynamical response of the system by solv-
ing this LCP based on Lemke’s algorithm [23]. However, since only the longitudinal character of the cables is considered, the
dynamic responses of the system are not accurately simulated, especially in torsional direction. Moreover, when the cable
is relatively long, the lateral oscillations of the cables will have a great effect on the platform (and sometimes called end
effector in robotics) [1]. So, the lateral properties of the cables should also be included when investigating the dynamic
responses of those systems.

For the multibody systems, when studying the contact behaviour between two rigid bodies, non-smooth time integration
methods together with the help of an impact law can be used to deal with the impacts and velocity jumps due to the unilat-
eral constraints [24-26]. Here, we can use those ideas to treat the cable state change (slack versus tensioned) as a “contact”
problem and solve it numerically with the non-smooth dynamic theory. In this paper, the non-smooth dynamical model
of the multi-cable parallel suspension platform is established. By including the longitudinal, in-plane and the out-of-plane
lateral, torsional and longitudinal-torsional coupled mechanical character of the cable, as well as its slackness, the equa-
tions of motion are derived using Lagrange’s principle. Then, by modifying the complementary condition of a non-smooth
generalized-o scheme [25] and, by using this in the derived differential algebraic equations, the non-smooth responses of
the system are obtained numerically. Finally, the numerical results of the modified algorithm are compared with an ADAMS
simulation. The two results agree well with each other, which confirms the validity of the presented numerical method. The
method presented in this paper provides a more accurate way to simulate the dynamic responses of multi-cable driven ma-
nipulators, such as a multi-crane lifting system, or a parallel cable robot, etc. The presented method also shows in general
how cable non-smooth dynamical responses can accurately be investigated.

2. Dynamic model and equations of motion
2.1. Description of the system

First of all, several assumptions are made here to restrict the analysis:

- Since the cable bending stiffness is quite small [7], it is neglected in this paper.

- Due to the slowly varying cable length, low longitudinal excitation frequencies and the large longitudinal stiffness of the
catenary part, it is assumed that the catenary will always behave like a rigid body. So the catenary has no influence on
the vertical part and is neglected in this paper, as well as the motion of the head-sheave;



Y. Wang et al./Mechanism and Machine Theory 126 (2018) 329-343 331

Top view

Sinking
Platform

Fig. 2. Four-cable driven parallel suspension platform.

- The mass per unit length (in kg/m) is denoted by p, and J. the moment of inertia per unit length (in kg m) of the cable.
Both are assumed to be uniform.

By the assumptions made above, the diagram of a four-cable driven parallel suspension platform system is simplified and
shown in Fig. 2, where A; is the tangent point between cable i and head sheave i, and B; is the connecting point between
cable i and the platform, where i=1, 2, 3, 4. The cables are arranged symmetrically and the tangent points form a square
A1AA3A4, whose centroid point o is used to define the coordinate frame oxyz. Similarly, the centroid of the square B;B,B3B4
is denoted by O, and the length of OB; is d. A local frame O’XYZ is defined at the platform mass centre O'. The prescribed
length of all the cables is denoted by I(t), and the displacement excitations of cable i at point A; in three directions are
given by e (t), e:' (¢) and €7 (t), respectively, where t is time. The prescribed velocity and acceleration will be denoted by v(t)
and a(t), respectively. The longitudinal and torsional dynamic displacement of cable i at position y and at time t is u;(y, t)
and 60(y, t), respectively, and the lateral dynamic displacement of cable i in x- and z- directions are wf(y,t) and wi(y,t),
respectively. The real length of cable i can be expressed as

Li(8) = 1(t) + e} (t) + ui((£). 1), (1)
and the position and the angle of the platform are given by
[Wi(t) 1O +up(t) wit) O5) 65(t) ;D] (2)

where up(t), wj(t) and wi(t) are the dynamical displacements of the platform in y-, x- and z-directions, while 85 (t), 92,’ (t)
and 67 (t) are the orientation angles of the platform about the X-, Y- and Z-axis at time ¢.

In the longitudinal direction, since the cable length of cable i is always larger or equal to |A;B;|, which is the distance
between A; and B;, the constraint for the cable i and the platform will be

Y (t) = Li(t) — |ABi| = 0. (3)

Since the lateral and the torsional displacement of the platform are quite small compared to the cable length, |A;B;| can
be approximated by the y coordinate value of B;. In the lateral and torsional direction, the dynamic displacement of the
lower end of the cable will always be equal to its connecting point to the platform. With those notations, the constraint
equations between the cables and the platform can be expressed as

T
v=[)')']. )
where the constraint equations are
up (I(t). t) + ey (t) — (up(t) +d-sin (Z(t))) = 0
wren | u2 (@), t) + e (t) — (up(t) —d-sin (05(t))) = 0
Vi = us(I(t),t) +e'§(t) — (up(t) —d-sin Gg(t) >0 (5)
ug(I(t), t) + €4 (t) — (up(t) +d -sin (6(t))) = 0
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and where the constraints for the cables and the platform in torsional and lateral directions are

T
vo = (o) (o). (6)
in which
Y20 = 6,((t). £) — 03 () =0
[wX(I(t), t) —wX(t) —c- 6% =
v = _w%(l(t),t) —w%(t)+c.92‘+d-9y =0J
(WX (1(t), t) —wX(t) —c- 0% —d -6 =0]
v () = _w%(l(t),t) —wzz(t)+c~9§‘ —0 ’
[wX (1), t) —wX(t) —c- 6% =
Y5O = _wg(l(t),t)—w%(t)+c.9§—d.eg =0

3 (W (1(t), t) —wX(t) —c-0%+d -6 =0]
PP, () = _Wg(l(t)J)_W%(t)Jrc.e%:o ' @

where c is the distance measured from the barycentre of the platform to its top.
Denoting the mass of the platform by m,, the moment of inertia of the platform about the three axes by J3, ]% and J?,
respectively, the kinetic energy of the system can be expressed as

o Z/m) 1 [vl(t)+ Du;(y, t)] i +Z/z<r> 1JC[D9 (Y, t)}

1 (O /Dwr(y,t) Dwi(y,t) ?
+‘..Z§p/0 {( Dt >+< Dt )dy+"'

i=1

1 . . 2 . 2 1.4 2 1., 2 1.+ 2
x jmp[w(r) +iip(0)” + (WD) + (WE(D)) ] +. RO O) + SR OI0) + 550 0) ®)
where an over dot denotes the derivative with respect to t, and the operator % is defined by
D a a
f=5+v(t)@. (9)

Taking the longitudinal-torsional coupled mechanical properties of the cables into consideration, the potential energy of
the system is

U— 8u(yt)

“)[(ucv 0+ Td,cyt))

/ +(Meir.0) + Md,cm)
4| o w0\ (w0’
X Z |:/ l |:< Y t)> + ( ’ag/y ”) j|dy—pg(y+ui(y, t)):| + . = mpg(l(t) + uc(t)), (10)

96i(y, t)i|dy+...

i=1 8y

where g is the gravitational acceleration, T ;(y,t) = mpg/4+ p(I(t) —y)g and Ty ;(y, t) = Qq - du;(y, £)/9y + Qq; - 36;(y, t)/0y
are the static and dynamic axial tension of cable i at position y at time t, Mc;(y,t) = Q3;/Q; - Tc;(¥.t) and My;(y.t) =
Q3 0u;(y, t)/0y + Qq - 06;(y, t)/0dy are the static and dynamic torque of cable i at position y at time t. Q; and Q4 are the
longitudinal and torsional stiffness of the cables, respectively, Q, ; and Q3 ; are the longitudinal-torsional coupled stiffness
of cable i (see also [27]), respectively. Since Q, ; approximates Qs ;, a new parameter Q,3 ; is introduced to represent those
two parameters.

2.2. Equation of motion

The transformation & = y/I(t) is used to transform the time-varying domain [0, I(t)] for y to a fixed one [0, 1] for £. The
new dependent variables can be expressed as

GE.O=w.0), WEH=W.. WEO=wW., 6GEDH=60.0), (1)
and their partial derivatives with respect to £ and t will become
Vo(.t) 1 aVy(&.t)  dVo(.t) _ IW(E, 1) n v(t)§ OV (&, t)

dy Ity 0 ot ot Ity 0¢&

in which Vj(x, t) denotes the old variables and Vy(&, t) denotes the new ones.

(12)
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By using the assumed mode method (see also [28]), the dynamic displacements can be approximated by

(5. t) = > qij(t)n;).

j=1
WHE.D) = 1=E)eD) + > pOn;E).
j=1
WHE. D) = (1- )W) + Y pFj(On;(§).
j=1
6:(E.0) = @i (On;&). (13)
j=1

where g; ;(t), P’f_j(t)- pij(t) and ¢; (t) are the generalized coordinates, 1;(§) are the corresponding trial functions, and n is
the number of included modes. Because the bending stiffness of the cable is neglected, the cable model in this paper will
be a string (wave)-like model. The platform is suspended freely in the shaft, which means that the suspension cable has a
free end (in all three directions). So, the eigenfunctions of a fixed-free string with unit length are used as trial functions for
the approximation in all three directions. The trial function for the model shown in Fig. 2 is

ni(€) = ¥/2sin (Ziz_lné) (14)
Let
r=[h] h} h} nl qf], (15)

where h; = [q] (p?‘)T (pl?)T golT]Tare the generalized coordinates of cable i and qp = [wW§ up w5 60X 65 O3
are the generalized coordinates of the platform. By using the Eqgs. (11)-(15) and by substituting the Egs. (4), (8) and (10) into
the Lagrange’s equation with constraints (see also [29])

d (oL oL 1.0y

m(ag)‘aq—‘lﬁ§“ ot (16)
we obtain the following equations of motion for the platform system

Mi + Ci 4+ Kr + (¥2) AP = £+ (%) 'A%, (17)

Yo (r) =0, (18)

YU LAY, ¢i(r) =0, A">0, (19)

where

e M, C and K are the mass, damping and stiffness matrices;

o f is the generalized force vector. The entries of the matrices and force vector can be found in Appendix A.
o PP = 9¢P/dr is the Jacobian of the lateral and torsional constraint equations;

o Y = 9YY/0r is the Jacobian of the longitudinal constraint equations;

e AP and AU are the vector-valued Lagrangian multipliers, which are also the corresponding constraint forces.

The complementary condition in Eq. (19) can also be expressed as ¥U(r) - AY = 0 with both ¥Y(r) and A" being non-
negative.

3. Numerical solution
3.1. Equation of motion at the velocity level

In this section, a non-smooth generalized-« algorithm [25] will be used to solve the derived equations of motion. Firstly,
by multiplying Eq. (17) with the Lebesgue measure dt, it can be rewritten at velocity level in the following form:

MRt + (¥2) 'A°de = F(r, R, 6)de + () 'A%, (20)
where R=T1, F(r,R,t) = f — CR — Kr, or more briefly
MdR + (¥?) di® = F(r. R, t)dt + (¥) did, (21)
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in which di® and di" are the impulse measure of the corresponding constraint forces.
As for the constraint equations, in most researches on multibody contact problems, these equations are expressed at
velocity level in the form expressed in Eq. (22) by using the Newton impact law:

if ¥"(q) <0 then 0 < YyR(t") + ey R(t7) Ldi" > 0, (22)

where the term ¥Y(q) <0 indicates that there is a collision between two objects, e is the coefficient of restitution, R(t~) and
R(t*) are the velocities before and after the collision, respectively, and di" is the impulse measure of the contact reactions.
In the cable case, when ¥'(q) <0, cable is tensioned and moves together with the platform. So, the velocity after “collision”
is 0, which means e in this case is 0. Since the constraint equations in this case contain both time-implicit terms and
time-explicit terms, their time-differentiation can be obtained and expressed as

dyp . 0¢

ar = Vil + I (23)
Then, the Eqgs. (18) and (19) can be rewritten at the velocity level and can be expressed as

YPR + dYP/0t = 0, (24)

if ¥(q) <0 then (YyR+ Yy/0t) Ldi", (YfR+ Yr/dt) > 0,di" > 0. (25)

3.2. Time integration by the non-smooth generalized-o method

In order to solve the equations numerically (following the solving procedure as given in [25]), we firstly separate the
contribution of the constraint forces from the contribution of the smooth forces such that

dR = Rdt + dw, (26)
with

MR = F, (27)

Mdw + (¥2) di® = (y¥) di". (28)

Secondly, defining the set A as the active constraint of ¥" satisfying ¥ =0, and AA as the corresponding Lagrangian
multiplier, and with the initial values at time ty given by R(ty) = R(ty), where N indicates the N-th time step, the discretized
form of the equations of motion of the system can be expressed in the following form by integrating Eq. (28) over a small
finite time interval At =ty,q —ty

MRNH = FN+1, (29)
T T
My 1 Wit + (Yenia) M = (¥hvi) Ao (30)
Vo Ruit +99R,,/0t =0, (31)
(Uin Ry + 3'/’9,N+1/3t)l)~2+17 YA Ry +0YR /0t >0, AR, >0, (32)
Finally, following the non-smooth generalized-o method, the difference equations will be given by
fyi1 =ry+hRy + h*(1/2 — B)ay + h* Bay,, (33)
Ry =Ry +h(1 - y)ay +hy Bay., (34)
(1 — am)an. +amay = (1 —ap)Ru +op(1 - y)Ry, (35)
Ry = l-(N+1 + Wy, (36)
- 1
Ini1 = Fngr + EhWNJrL (37)

where ¥ and R are the variables related to the smooth positions and velocities respectively, and where a is an acceleration-
like variable and h is the time step size. The parameters for the generalized-o method are defined as in [30]:

200 — 1 Poo
——, = .
Poo +1 Poo + 1

1 1 1\?
Um = )/=§+Olf—am, /321<}/+§) » (38)
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where p,, = 0.8 in this paper. Treating R, R and AP as the sets of unknowns, the equations for the Newton iterations become:

St:AX = —res+b(AR,; —AY,). (39)
where
YiM* + BK* C* + 1/2hK* 0 AR
St=| —M+ Ko M4 120K (y)' | Ax= { AR] (40)
By yh 12095 0 AR
M7v+1RN+1 - Fi 0
T
res = | My Wy, + ('/’q) Ao - (v ) M| b= ( g*) ' (41)

YPRy,, + OYPr/0t
in which
o ¥t =1 —am)/[(1 —ap)yh] and Bt = Bh/y —1/2h, the superscript * denotes the value of a variable at the kth Newton
iteration;
- KEm = DMW - (PTA® — (FTAR) /o
* .- 8('/’;,N+1RN+1)/31'N+1
The complementary condition can also be linearized as
0 < YAR + 3Y2/0t + cAXx, (42)
where

c= [:Bf'ﬁeszﬂ tvn 120 0]’ (43)

in which 1/Ir2 Nl = 8(¢r N1 RN1 + 8¢ 'N41/08)/0N 1. By substituting Eq. (39) into Eq. (43), one can derive the standard
form of the linear complimentary problem (LCP):

(l\'/lAQH + f)J_)Jn‘H, MAY 40 AR = (44)
with
M = cS;'b,
_ : (45)
f= 9y Ry, —cS;'res — ¢S, 'bAY,, + dYh/ot.

)‘li\\lﬂ can then be obtained by solving this LCP based on Lemke’s algorithm [23]. This solving procedure by the non-
smooth generalized-o method is given in detail in Appendix B.

3.3. ADAMS simulation

ADAMS simulation is an alternative way in investigating the non-smooth dynamics of the multi-cable suspension system.
Based on the finite element modelling method, each cable is discretized into finite rigid cylinder elements with the same
length (1 m in this paper), as shown in Fig. 3. Adjacent cylinders of the same cable are connected by the force field which
is a flexible connecting procedure provided by ADAMS, which also contains all the mechanical parameters, especially the
longitudinal-torsional stiffness of the cable. All the cables are connected to the platform by the spherical joint and each
cable is connected to its corresponding winch by fixed joint. It should to be noticed, that when the internal damping of
the cable is set equal to zero, then the simulation may fail due to “unknown reasons” (may be the poor performance of
the ADAMS’s numerical algorithm when dealing with systems with quantities of components and constraints). So, a small
damping value is introduced to let the simulation work. The critical damping coefficient for the longitudinal vibration of a
cable with unit length is 2,/0Q;/L = 4.65 x 104, while in our model and in the ADAMS simulation, the damping coefficient
is 20 in longitudinal vibration and 2 in both lateral and torsional vibrations. In the numerical simulation, the damping is
introduced by using the Rayleigh’s dissipation function. However, the damping coefficient we use in the paper is not a
typical parameter for the hoisting cables (which should be obtained by accurate experiments), it is only used for letting the
ADAMS simulation run.

In order to model the releasing process of the cables, an accurate and time-saving simulation strategy is used here to
carry out the simulation. The strategy can be summarized as follows (see also Fig. 4). Firstly, a base line is defined, and to
each cylinder a displacement sensor is attached. Since the cylinders are fixed to the winch, they will follow the movement
of their winch, and the force field will not work during this stage. When a sensor detects that the upper side of its cylinder
reaches the base line, a subprogram will be activated to deactivate the fixed joint between this cylinder and its winch. After
that, the force field is activated.
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4. Numerical simulation

e (t) =0.02 x sin (7t),

e;(t) = 0.1 x sin (2/15 x 7t),

The typical parameters for a multi-cable driven parallel suspension platform system are as follows: p =6 kg/m, J. =
1.5x 10 l(gm, Q1 =9x 107 N, Q4 =3 x 103 NIT]ZY Q23,] = Q23,3 =3x10° Nm, Q23,2 = Q23,4 =-3x10° Nm, mp = 8000 kg,
J5 =36 x 10% kgm?, J§ = J4 = 3.8 x 10% kgm?. The prescribed movement curves of the platform are shown in Fig. 5. In order
to simulate the slack cable, the longitudinal excitations of cables are assumed in Eqs. (47) and (48), and the lateral excitation
is given in Eq. (46).
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Fig. 6. Dynamical displacements of the platform versus time t: Non-smooth generalized-o« method (solid line) and ADAMS simulation (dashed line).

e)(t) = 0.1 x sin (0.17t). (48)

The numerical simulations are carried out with time step size At = 0.001 s, and number of included modes n=20. The
results are shown in Figs. 6-8.

From Figs. 6-8, it can be seen that the numerical results agree well with the ADAMS simulations. It can also be observed
in Fig. 7 that negative cable tension values occurred in the ADAMS simulations during some periods. This can be explained
as follows. In the ADAMS simulation, the cable is discretised into finite rigid cylinders. The adjacent cylinders are connected
by a force field, which works like springs, and contains all the cable stiffness parameters, so that it can act like a cable.
By measuring the relative displacement between two adjacent cylinders, ADAMS can give the force relations between them,
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Fig. 8. Axial torque of the suspension cables versus time t: Non-smooth generalized-a method (solid line) and ADAMS simulation (dashed line).

which will be the tension, torque and bending moment of the cable. Thus, when the cable modelled in ADAMS is pushed,
its tension will become negative before it bends, and this is also the main reason for the differences between the ADAMS
simulation and the other two numerical results. For example, Fig. 7(b) has shown that there is a relatively large negative

tension of cable 2 at around 22s. This “pushing force” has greatly influenced the rotation of the platform about X- axis, so,
a dent appeared in the ADAMS simulation result in Fig. 6(d) at around 22s.



Y. Wang et al./Mechanism and Machine Theory 126 (2018) 329-343 339

30 6 T
Fe.e 4th lateral
25 Tte~o__ 5f
2 1stlateral T T ==~ _o ] @ 3rd lateral
'g 20 eeeenn 2nd lateral 1 g 4
= —— 3rd lateral [ v
g B “th./ateral £ i Lateral excitation
3 — - - 1st longitudinal 3 2nd lateral
Z10 ¢ T2r
= i3
5(- 1+ 1st lateral
0 0 . : : .
0 20 40 60 80 100 0 20 40 60 80 100
£(s) £(s)
(a) (b)
Fig. 9. The longitudinal and lateral natural frequency.
0.05 0.05
2
20.05 -0.05
0 20 40 60 80 100 0 20 40 60 80 100
1(s) £(s)

100

20 40 60 80 100
t(s) t(s)
(e ®

Fig. 10. Comparison of the platform dynamic displacements with (solid line) and without (dashed line) considering the lateral characters of the cables.

Fig. 6 shows the dynamic displacements of the platform. It can be seen that there are velocity jumps in y direction, which
is caused by the non-smooth tension behaviour in the cables, as shown in Fig. 7. When the tension of a cable becomes ON,
this cable will be slack. The state of the cables alters between slack and tensioned, this will introduce shocks to the system.
Since the platform suspends all kinds of construction machines and also carries workers, those shocks may cause severe
accidents. The maximal rotation of the platform around the y axis is about 0.2 rad, which is relatively small, however, since
the radius of the platform is 3 m, the displacement of the edge of the platform will be a considerable 0.6 m, which is also
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a potential risk to the objects on the platform. From Fig. 9(a), Eqs. (47) and (48), one can see that the first longitudinal
natural frequency is always much larger than the longitudinal excitation frequencies, which are 27 /15rad/s and 0.1z rad/s,
respectively. So, no resonance will occur even for a very long cable length (the first longitudinal natural frequency will be
5.23rad/s when the cable length is 1000m). As shown in Fig. 9(b), the lateral excitation in z- direction is & rad/s, which
is always close or equal to the third lateral natural frequency of the system, and is also close to the second and fourth
lateral frequency. So, the lateral vibration amplitude of the platform in z- direction is increasing throughout the simulation,
as shown in Fig. 6(c). Fig. 8 shows that the torque of a cable is mainly caused by its axial tension.

In most research work on this subject [2,20-22] the lateral properties of the cable are not taken into account.
Fig. 10 shows the dynamic responses of the platform obtained by the non-smooth generalized-o method with and with-
out considering the lateral properties of the cable, from which it can be seen that the lateral and torsional responses of the
platform are inaccurate. This can be explained as follows: while the torsional displacement of the platform will induce the
lateral vibrations of the cables, the lateral movement of the cables will in turn affect the rotation of the platform. Thus, it
is essential to include the lateral properties of the cables to accurately simulate their dynamic responses.

5. Conclusions

The equations of motion for a multi-cable driven parallel suspension platform system are derived using Lagrange’s prin-
ciple with constraints. The longitudinal, in-plane and out-of-plane lateral, torsional and longitudinal-torsional coupled dy-
namic behaviours of the suspension cables, and the dynamic behaviours of the platform in all directions are included, as
well as the slackness property of the cables.

A non-smooth generalized-o method is applied to obtain numerically the non-smooth dynamic responses of the system.
The results are in good agreement with an ADAMS simulation. The numerical results clearly indicate that a change in tension
in the suspension cables may lead to dynamic velocity jumps of the platform in y- direction, which may cause severe
accidents. The rotation of the platform about the Y- axis may also lead to additional and significant forces acting on the
objects on the platform that are suspended close to the edge of the platform.

The lateral properties of the cables have a great effect on the dynamic responses of the system investigated in this paper.
So, controlling the lateral vibrations of the cables is an essential part in achieving a steady movement of the platform.
For the dynamical modelling of the multi-cable driven manipulators, it is recommended to include the mass, longitudinal,
torsional, in-plane and out-of-plane lateral and longitudinal-torsional properties of the cables, so as to achieve accurate
modelling results. Experiments on accurately obtaining those cable parameters (including damping) are also very important,
as well as a better understanding of the numerical algorithm damping.
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Appendix A

The entries of the matrices and force vector in Eq. (17) are defined as follows:

M =diag(M{ M5 M§ M; M), (A1)
C=diag(C; € € € G), (A2)
K=diag(K{ K{ K K; Kp). (A3)
c\T c\T c\T c\T T ! A4
Q=|(@) (@) (@) (@) @) (A4)
where
M = diag(M} M{ M M), (A5)
¢ =diag(ct ¢/ & ©), (A.6)
L Lo
l(T,.w Kiw 0
k= |K° K , (A7)
0 K
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e-[@) @ @ @]
M, =diag(m, mp, m, J F J3),

C, =0, K,=0

Q=[0 mE-ar) 0o 0 o o

in which

lk_] ,Ol (t)/ 77;77kd5
M7, =Jcli(t)/ n;Mkd§,
0

1
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0 0
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1 1 11
Q== [ p(LOa©) + O - LOYmEdE +...~ [ (pgh®)=prF ©) (1= Emu(ErdE~ [ Gmeny )t

(A22)
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(" » / _ . .t _ /
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Appendix B

The solution procedure in the non-smooth generalized-« algorithm.
Fupction [*ni1, Ryat, l‘tNH, an,;1]=Non_smooth_alpha(ry, Ry, ﬁN, ay)
Ry, =0; .
ay. =1/(1 —am)(afRN — Umay);
Ryi1 =Ry +h(1-y)ay +hyay.s;

Rny1 =Ry

i1 =Ty +hRy+h3(1/2 — Blay + h?Bay,4
b .

)‘N+1 =0;

Define the active set as: A = {i|1/f}J <0};

)‘QH =0;

for i=1: imax
Compute res
if ||res|| <tol
break

end if
AN =M

Compute S;, b, res, M and f;
[~, AR, ;]=LCPSolver(M, f;
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Ax=S"[-res + b}, | — Ay l;
Rni1 =Ry + ARy
RN+1 = RN+1 + AR;_
INt1 = N4 —I—,BtAR—l— 1/2-h-AR;
Ry.1 =Ryi1 + 1 AR;
l?]ﬂ = )‘lt\)l+1 + ALY
end for .
anyr =ayg + (1 —og)/(1 - am)Ruyrs
AP = lgﬂ/h; AU =AY,/
end function
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