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Abstract

These last years, the additive manufacturing and 3D printing technologies have known some major break-
throughs. The motion of a printer head can be made with cable transmission. The deployment of the cable-
driven parallel robots (CDPR) in the industry is studied in very various application fields for their low cost and
large workspace. Furthermore, the use of cables for the transmission induces a reduction of the mobile parts’
masses, compared to a rigid transmission, which enables to reach higher accelerations. Moreover, the structure
of a CDPR is modular and reconfigurable thanks to the repositioning of the actuators’ anchor points. However,
the lack of rigidity of a CDPR raises issues of accuracy and the rise of vibrations, which can be generated by
the trajectory of the mobile parts, the actuators, the friction between pulleys and cables or disturbances.
Several dynamic models of cables have been studied to understand the vibrating behaviour of a CDPR: a simple
elastic model of springs with positive tensions, a lumped mass-spring model and a finite elements model based
on a continuous one for the cables dynamics. The numerical simulation of the dynamic behaviour of the CDPR
with these models enables the analysis of an appropriate control system and the design of a controller. It aims
at ensuring an accurate positioning and a decrease of vibrations.

In this contribution, we will firstly present the dynamic behaviour’s model and the issue of the actuation’s redun-
dancy, systematically present on these robots to guarantee stiffness with the tension in the cables. A comparison
will be done between the effects of the models on the conception and the performance of the controller. Thus,
we explain that significant decreases in the vibration levels may be observed with the use of PID controllers.
The generalisation of the command, the use of active control technologies and an experimental validation will
be the next steps of this study.

1 Introduction

Cable-Driven Parallel Robots (CDPR) are a type of parallel kinematic machines in which cables link a mo-
bile platform to a fixed base. Reels allow the control of cables length and cables tension. Several applications of
CDPR have been studied, such as high speed manipulation [1], heavy materials handling [2], haptic perception
[3]. Their large workspace enables to visualise [4, 5] or print [6] large 3D objects.

Modelling CDPR requires to take into account the cables dynamics, which are complex and non-linear. The
main models of cables dynamics are the following :

e FElastic models (valid and efficient for low-density and thin cables);

Analytic models with non-linear equations (Irvine model [7]);

Semi-analytic methods for cable with small sag [8, 9];

Lumped mass methods [10];

Finite element models, using cables with time-dependent length [11, 12]



A CDPR constituted of a punctual mass linked by two cables driven by two actuators is considered in the
following paper. It is an over-actuated CDPR, since the only controlled Degree Of Freedom (DOF) of the ef-
fector is the horizontal position.

The contribution of this paper is to compare three dynamic models of a CDPR in Section 2: an elastic
spring model, a lumped mass-spring model and a variable length finite elements model. Section 3 is dedicated
to the strategies of command. Results are discussed in Section 4.

2 Models of dynamic behaviour

2.1 Elastic model

An effector of mass M is linked with two cables, modelled by two elastic springs. The cables tension is
controlled by means of actuators, allowing the effector motion control. The distance between the two cable
reels Aj and A, is d = 1 m. This configuration is shown in Figure 1.
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Figure 1: CDPR with 2 cables

Given the Young’s modulus E = 102 GPa of the cable and its cross-sectional area A = 1.76¢ % m?, the
cable tension can be described as : I
T=EA—2 (1
lo

with [ the strained cable length and [ the unstrained cable length.

The effector of mass M is constrained under the two cable tensions 77 and 75, and its dynamic equation is
given by :

X 1 . . .
( p > = M(T1€1+T2€2)+g )

Unit vectors state the direction of efforts transmitted through the cables. For the i’ cable, we have :

OA, — OC

g = 3
“= oK o ©

2.2 Lumped mass-spring model

Each cable is now lumped into N = 40 mass-spring elements. Each of them is formed by a spring, of
unstrained length /o = % and stiffness kg = %, and by a mass m = pAlj.

As shown in Figure 2, the length of modelled cable is larger than the length between A and the end-effector.
The purpose is to have always the same amount of elements when the effector is moving. The cable located to
the left of A; and to the right of A, corresponds to the cable rolled in the reels.
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Figure 2: Lumped mass-spring model
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Figure 3: 3 elements of the lumped mass-spring model

To understand the difference of dynamics between the rolled cable and the free one, the Figure 3 gives a
closer look at the lumped mass-spring model near A;. We consider the points M; with j = {i—1,i,i+1,i+2}.

The corresponding lengths are :
lioy = ||M;_ (M|

li = ||MAL || + [|[A1 M1 || “)
liv1 = ||Mix1Miys]|

The tensions, computed using these lengths, are the following :
Tioy = k(li1 — o)

T = k(l,- — lo) 5
T = k(lix1 —lo)

We can also determine the accelerations X; = < Z’ ) and X; | before and after A;. In M; the mass element
1
is only constrained by horizontal tensions and in M;| unit vectors give the directions of the efforts :
. ~T_1+T
mX; = < i—1+1; > (6)
0
T: XA —Xitl i+1xi+2*xi+l
l.
v NATM; 1| o >
mXiy1 = } ZAl_zl’:tl + ,+12i+2_2i+l —ms N
1 7 1 .
NATM; 1 1]] fist



2.3 Variable length finite elements model

We consider that each cable is divided in N = 10 elements with the same unstrained length [ = % The

length [ is time-depending during the movement of the CDPR and its variations are taken into account in the
dynamics. The details of the equations can be found in the article of J. Du and al. [13].
For a cable of length /, the kinetic energy is :

I'1 ..
T:/Aﬂffﬁ ®)
02
where U is the mass per unit length and 7 is the position vector of the element.
The elastic potential and gravitational potential energy of the same cable is :
I'1
U= / (EEAez — g’ Z)ds ©)
0
where € is the element strain.
The changing mass of the system can be written as :
T T o T o
OH = 0rj" fj+uri .0rivi+urn .8nv (10)
with v; the winding speed in A| and v, the winding speed in A,.

The application of the Hamilton’s principle on the cables gives the following equation :

ot ot t
/Tdt—6/ Udt+/5Hdt:0 (11
0 0 0

Eventually, this leads to the dynamic equation, which describes the position 7 of the j index point :

myf + ¢+ kif = fi+ ff (12

In Eq. 12, mj is the conventional mass matrix, ¢j describes, with convective terms, an energy transfer due to
length variations. The stiffness matrix k; is composed of the axial deformation of the element and of a second
term due to the first and second derivatives of the element length variation with respect to time. f; is the nodal
force acting on the cable. fg is the equivalent nodal force of the cable element self-weight.

3 Strategies of command

3.1 Trajectory

The chosen trajectory is a step5-function (Equation 13), which enables to avoid chocs and discontinuities
and to lower vibrations. The principle is to go smoothly from x; to x, between #; and #, ; it means that the
velocities at #; and f, are both equal to zero.

X1 ift<n
step5(t) = & x1+aA3(t)(10 — 15A(t) +6A%(1)) ifty <t <t (13)
X2 ift>n

1—1

witha =x, —xj and A(r) = ;=L

Here we consider t; =05, f, = 0.2 s, x; = 0.5 m and x, = 0.6 m. The maximum speed in the case of the
parameters mentioned below is 0.9375 m.s~! at # = 0.1 s. The maximum acceleration is 4-14.434 m.s~2 at
t = (0.0423;0.1577) s.



3.2 Control

There are two ways of controlling the end-effector of a CDPR : by controlling the cables length or their
tension. The choice, here, has been made to control the cables tension, mainly for observed stability reasons.
Moreover, the choice is led by the fact that the mechanism is redundantly constrained, which means that the
number of cables driving the end-effector is one greater than the number of the robot’s DOF.

Because of the actuation’s redundancy, we face an issue of tension distribution in the cables. The next step
is to chose a set of additional equality or inequality constraints before designing an algorithm of optimisation
that finds an optimal tension distribution [14]. The most commonly used constraints in order to get the optimal
tension distribution are :

positive cables tension (to avoid an unstressed cable) [15];

minimal sum of cables tension (to minimise the actuators’ energy);

tensions in an interval [fin; fmax] [16];
e continuous cables tension.

For the tensions distribution, we chose to force 100 N of pretension on each cable, which means that
YT =T+ T, =200 N. PID controllers are robust enough to be used in CDPR control, even if CDPR be-
haviour is non-linear [17]. Our PID controller provides the effort needed by the effector so that it follows the

desired trajectory. Thus, the tensions distribution in the controllers will be written : 7} = ZTz_F and T, = #

The controllers’ gains have been settled on the elastic model, which enables a faster and easier setting. We
do not present the optimisation of the parameters for the controller, but a comparison between the controlled
models. The PID controllers’ gains for each model are :

P =1860
I =8700
D =100

filter coefficient N = 540

The blocks containing the calculation of the trajectory, the controller and the dynamic model are shown in
the Figure 4.
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Figure 4: Simulink diagram

4 Results and discussion

Computation of the dynamic models is done using MATLAB and SIMULINK. Parameter settings of the nu-
merical simulation are as follows : MATLAB solver used is ode45, the relative tolerance is 1e >, the minimum
time step is le™> s and the sample time is le~5 s.

The initial position of the elastic model (Section 2.1) is computed by solving the static equilibrium of the
Equation 14, which gives the starting position for the end-effector.



Tiéy +Thér+Mg =0 (14)

To get the initial positions of the models presented in 2.2 and 2.3, we add a damping in the dynamic
parameters of the model and we compute a free simulation in order to determine the equilibrium of each
element of the model. The Figure 5 outlines the simulation results of the three dynamic models introduced in
Section 2 for a computing time of #5,, = 5 s. Very small oscillations, in the range of le=> m, are observed for x.
They are similar in all the models. The error, computed by error = Xyajectory — Xeffector and presented in Figure
6, is lower than 1e~2 in the transition phase, and lower than le™? after 1 s of simulation.
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Figure 5: Evolution of x and z effector’s position
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Figure 6: Position error of the CDPR

For z, oscillations are observed at the same frequency, with an amplitude of 1 mm. The mean of z oscilla-
tions in the elastic model is higher than in the two other models, because this one does not take into account the
mass of the cables. The Figure 7 shows a spectrum analysis of the error signals betweent =1sandt=5s. A
peak at 20.11 rad.s~! is observed for the three models. It corresponds to the end-effector’s vertical oscillations,
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Figure 7: Spectrum analysis of Ax and z

as shown in Figure 5. The vertical resonance frequency of a system constituted of two strings and one mass is

given by the following equation :
T (1 1
O=4/— |- 15
M (x * d —x> (15)

With the parameters values used in the three models, this resonance frequency is equal to 20.41 rad.s ™',
which is closed to the frequency of the peak on the spectrum. The high frequency peaks, observed for the
lumped mass-spring model and the variable length finite elements model, corresponds to the discretization of
the cables.
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Figure 8: Cables tension 77 and 7,

Figure 8 represents the evolution of the cables tension. In order to follow the trajectory acceleration, the
tension 77 decreases down to 92 N, then increases up to 108 N, and finally stabilises around 99.95 N. The tension
T, does an inverse evolution and finally stabilises around 100.05 N. In the configuration where the effector’s



position is x = 0.6 m, the two tensions are not exactly the same because the cables are not symmetrical. This
enables the end-effector to get the desired position .

5 Conclusion

Three cable models for a CDPR have been presented in this paper : an elastic model, a lumped mass-spring
model and a finite elements model. Eventually, these models’ results are consistent with each others. For the
three models, the PID controller enables to achieve good performances. Indeed, the static error is lower than
le™ and the overshoot is lower than 1 cm. It can be noticed that the PID controller is robust enough to control
the effector’s position and keeps constant gains, regardless of the dynamic model used in the simulation. The
gains’ adjustment was not problematic to control numerical models, thus we can hope that adjusting the gains
on an experimental model will not be problematic either.

In further studies, we shall test other strategies of control, such as inverse dynamics control or model-free
control, add the behaviour of the actuators to the dynamic model, and build a test bench to bring an experimental
validation to the results that are introduced in this paper.
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