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Abstract. This paper deals with a model-based feed-forward torque
control strategy of non-redundant cable-driven parallel robots (CDPRs).
The proposed feed-forward controller is derived from an inverse elasto-
dynamic model of the CDPR to compensate for the dynamic and oscil-
latory effects due to cable elasticity. A PID feedback controller ensures
stability and disturbance rejection. Simulations confirm that tracking er-
rors can be reduced by the proposed strategy compared to conventional
rigid body model-based control.

1 Introduction

Cable-driven parallel robots (CDPRs) contain a set of flexible cables that con-
nect a fixed frame to an end-effector (EE) with a coiling mechanism for each
cable. They have been used in many applications like pick-and-place [1], re-
habilitation [2], painting and sandblasting of large structures [3]. Thanks to
their low inertia, CDPRs can reach high velocities and accelerations in large
workspaces [4]. Several controllers have been proposed in the literature to im-
prove CDPR accuracy locally or on trajectory tracking [5], [6], [7]. In [8], the
control of CDPR in the operational space is presented, where the CDPR model
is derived using Lagrange equations of motion for constrained systems, while
considering non elastic but sagging cables through the Assumed Mode Method.
In [9], a discrete-time control strategy is proposed to estimate the position ac-
curacy of the EE by taking into account the actuator model, the kinematic
and static behavior of the CDPR. Multiple papers deal with the problem of
controlling CDPRs while considering cable elongations and their effect on the
dynamic behavior. A robust Hy, control scheme for CDPR is described in [10]
while considering the cable elongations into the dynamic model of the EE and
cable tension limits.A control strategy is proposed for CDPRs with elastic cables
in [11], [12], [13]. Tt consists in adding an elongation compensation term to the
control law of a CDPR with rigid cables, using singular perturbation theory. It
requires the measurement of cables length and the knowledge of the EE pose
real-time through exteroceptive measurements.
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Feed-forward model-based controllers are used to fulfillaccuracy improvement
by using a CDPR reference model. This latter predicts the mechanical behavior
of the robot; and then generates an adequate reference signal to be followed
by the CDPR. This type of control provides the compensation of the desirable
effects without exteroceptive measurements. A model-based control scheme for
CDPR used as a high rack storage is presented in [14]. This research work takes
into account the mechanical properties of cables, namely their elasticity. This
strategy, integrating the mechanical behavior of cables in the reference signal,
enhances the CDPR performances. However, it compensates for the EE position-
ing errors due to its rigid body behavior. The mechanical response of the robot is
predicted when the mechanical behavior of the cables is not influenced by their
interaction with the whole system, namely, the cable elongation is estimated. As
a consequence, the main contribution of this paper deals with the coupling of a
model-based feed-forward torque control scheme for CDPR with a PID feedback
controller. The feed-forward controller is based on the elasto-dynamic model of
CDPR to predict the full dynamic and oscillatory behavior of the CDPR and to
generate the adequate reference signal for the control loop.

This paper is organized as follows: Section 2 presents the feed-forward model-
based control strategy proposed in this paper in addition to the existing rigid and
elasto-static models. In Section 3, the proposed control strategy is implemented
for a CDPR with three cables, a point-mass EE and three Degree-Of-Freedom
(DOF) translational motions. Simulation results are presented to confirm the
improvement of trajectory accuracy when using the proposed control strategy
compared to conventional approaches. Conclusions and future work are drawn
in Section 4.

2 Feed-forward model-based controller

The control inputs are mostly obtained by a combination of feed-forward inputs,
calculated from a reference trajectory using a reference model of CDPR, and
feedback control law, as in [15], [16]. The used control scheme shown in Fig. (1),
is composed of a feed-forward block in which the inverse kinematic model is
determined based on a CDPR reference model (Red block in Fig. (1)). This
latter is a predictive model of the dynamic behavior of the mechanism. Its input
is the motor torque vector{,, € R™, and its output is the reference winch rotation
angle vectorq,.y € R™;n being the number of actuators.

The relationship between q,.y and the cable length vectorl,.y € R" is ex-
pressed as:

lref_IO:R(qo_qref>7 (1)

whereR € R™ " is a diagonal matrix that is a function of the gear-head ratios
and winch radius.ly € R™ is the cable length vector at the static equilibrium
andqo € R" is an offset vector corresponding to the cable length when q,.s = 0.
This offset is compensated at the rest time. The unwound cable length of the
ith cable is calculated using the CDPR inverse geometric model.
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Fig. 1: Feed-forward model-based PID control

Crg is calculated using the following dynamic model of the CDPR, which
depends on the desired EE pose x,, and acceleration X,4:

Cg=R 7y, Trg= Wr_gl (wg+we—MZXyy), (2)
whereT,; € R" is a set of positive tensions.W,, € R™*" is the CDPR wrench
matrix,m being the DOF of its moving-platform. It is a function of x,, and
maps the EE velocities to the cable velocity vector. M € R™*"™ is the EE mass
matrix,w, € R is the wrench vector due to gravity acceleration andw, € R™
denotes the external wrench.

In each drive, a feedback PID controller sets the vector of corrected motor
torqueCeorr € R™. This latter is added to {4 to get the motor torque(,, € R",
which results in the measured winch angular displacementsq,, € R". The PID
feedback control law is expressed as follows:

i
Cm=6¢o+Ky,eq+Kqé,+K; / eq(t) dt, (3)
ti

whereK, € R"*" is the proportional gain matrix,Kq € R"*" is the derivative
gain matrix,K; € R"*" is the integrator gain matrix, €; = qyecf — qy, is the error
to minimize, leading to the correction torque vector:
0
Ceorr =Kp e+ Ky €, + K, €q (t) dt. (4)
t;

It is noteworthy that (..~ depends on the CDPR reference model used to
calculate the vector q,.r. To the best of our knowledge, two CDPR models
have been used in the literature for the feed-forward model-based control of
CDPRs with non-sagging cables: (i) rigid model and (i) elasto-static model. As
a consequence, one contribution of this paper deals with the determination of
the elasto-dynamic model of CDPRs to be used for feed-forward control.

2.1 Rigid model

The CDPR rigid model considers cables as rigid links. It is assumed that while
applying the motor torque (4, the cables tension vector is equal to 7., and
the reference signal q,.s anticipates neither the cable elongation nor the oscil-
latory motions of the EE. The PID feedback controller uses the motor encoders
response q,,, which is related to the rolled or unrolled cable length 1,,, which
corresponds to the winch angular displacement q,4. It should be noted that the
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cable elongations and EE oscillatory motions are not detected here, and as a
consequence, cannot be rejected.

2.2 Elasto-static model

The CDPR elasto-static model integrates a feed-forward cable elongation com-
pensation [14]. It is about solving a static equilibrium at each EE pose while
considering cable elasticity. Assuming that each cable is isolated, the cable elon-
gation vector dl.s is calculated knowing the cable tension vector 7,.4. The elasto-
static cable tension vector 7., is equal to 7,.4. The relationship between 5128 and
7t on the ith cable takes the following form with a linear elastic cable model:
7 5125
=T1,,=ES S+ lﬁ-gj (5)
where FE is the cable modulus of elasticity and S is its cross-section area.
When q,4 is used as a reference signal in the feedback control scheme, the EE
displacement 0%, is obtained from cable elongation vector dl.s. To compensate
for the cable elongation effects, dl.s is converted into dqes, which corrects the
angular position q,4. Thus, the elasto-static reference angular displacement S
becomes:

i
Tes

Q:Sef = Qrg — 0Qes- (6)

As the CDPR cables tension is always positive, 6les > 0 corresponding to dqes < 0.
The reference signal q¢? f corresponds to a fake position of the EE for the cable
elongation compensation. Here, under the effect of cable elongations, the refer-
ence EE pose is estimated to achieve the desired pose. Although the elasto-static
reference model takes into account the cable elongations, the non-compensation
for the EE pose errors due to the mechanism dynamic and elasto-dynamic be-
havior is not considered.

2.3 Elasto-dynamic model

The CDPR elasto-dynamic model takes into account the oscillatory and dynamic
behavior of the EE due to cable elongations. Here, the cables are no-longer
isolated and are affected by the EE dynamic behavior. Cable elongations make
the EE deviate from its desired pose X,4. The real EE pose is expressed as:
Xed = Xrg + 0Xeq. The EE displacement leads to some variations in both cable
lengths and cable tensions. Indeed, the ith cable tension 7!, obtained from the
elasto-dynamic model differs from 7/ :

L g

ed rg

where 017, is the ith cable elongation assessed by considering cable elasticity and
oscillations. The CDPR elasto-dynamic model takes the form:

M 5&ed - Wed Ted + Wy + We, (8)

Ted = Trg T 0Teq = ES

where W4 is CDPR wrench matrix expressed at EE pose X.4. Once x4 and
the cable tension vector T4 are calculated, the cable elongation vector dl.4 can
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be determined. This latter is converted into dqeq, which corrects the angular

position vector q,4. The reference angular displacement qﬁgf becomes:

Qigf =drg — 09ecd- 9)
The proposed control strategy based on the elasto-dynamic model leads to a
feed-forward controller for EE oscillatory motion compensation in addition to
the conventional rigid body feedback while considering the measurements from
motor encoders. It should be noted that this feed-forward controller will not
disrupt the rigid body feedback stability.

3 Control of a spatial CDPR with a point-mass
end-effector

A spatial CDPR with three cables and three translational-DOF is considered in
this section. This CDPR is composed of a point-mass EE, which is connected to
three massless and linear cables. A configuration of the CREATOR prototype
(Fig. (2a)), being developed at LS2N, is chosen such that the cables are tensed
along a prescribed trajectory. The Cartesian coordinate vectors of the cable

Fig.2: (a) CREATOR prototype CAD diagram (b) End-effector desired path

exit points expressed in the global frame F are: by = [2.0, — 2.0, 3.5]7 m,
by = [-2.0, —2.0, 3.5]" m, b3 =[0.0,2.0,3.5]” m. The EE mass is equal to
20 kg. The cables diameter is equal to 1 mm. Their modulus of elasticity is equal
to 70 GPa.

3.1 Trajectory generation

A circular helical trajectory, shown in Fig. (2b), is used from static equilibrium to
steady state to evaluate the efficiency of the feed-forward model-based controller
while considering three CDPR reference models. The EE moves from point P; of
Cartesian coordinate vector p; = [0.5, — 1.0, 0.25]7 m to point P, of Cartesian
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coordinate vector py = [0.5, — 1.0, 1.5]7 m along a circular helix. The latter is
defined by the following equations:

z(t) = R cos(ta) + Bo, y(t) = R sin(ta) + b1, 2(t) = prta + B2, (10)
with

a — as 4 3 2 0-
tsim tsim tsim tsim ! tsim

The coefficients of the five-order polynomial ¢, are chosen in such a way that
the EE Cartesian velocities and accelerations are null at the beginning and the
end of the trajectory. R is the helix radius, p; is helix pitch. By, 51 and (2 are
constants. Here, a5 = 247, a4 = —60m, ag = 407, as = a1 = ag =0, p; = 0.1 m,
Bo=05m, 5 =—-1.0m, B3 =0.25 m, R = 0.5 m and tg;,, = 15 s. The velocity
maximum value is 0.8 m/s. The acceleration maximum value is 1.2 m/s2.

3.2 Controller tuning

The PID feedback controller is tuned using the Matlab® PID tuning tool. This
latter aims at finding the values of proportional, integral, and derivative gains of
a PID controller in order to minimize error e, and to reduce the EE oscillations.
In the PID tuner work-flow, a plant model is defined from the simulation data,
where the input is e, and the output is .orr. The gains obtained for the three
control schemes are the following:

e Rigid model based: K,=3, K;=1.5 and K4=1.5

e Elasto-static model based: K,=0.53, K;=0.2 and K4=0.18

e Elasto-dynamic model based: K,=0.33, K;=0.16 and K;=0.15

It is noteworthy that the gains decrease from the rigid model to the elasto-dynmic
reference model.

3.3 End-effector position errors

The EE position error is defined as the the difference between its desired position
Xrg and its real one. This latter should be normally determined experimentally.
As experimentations are not yet done, a good CDPR predictive model should
be used to estimate the EE real pose. The CDPR elasto-dynamic model is the
closest to the real CDPR with non sagging cables; so, it is used to predict the
real behavior of the CDPR. The input of this model is (,,, which leads to x,.
The position error is defined as 0p = x,4 — x7;. To analyze the relevance of the
proposed control strategy, the three control schemes under study were simulated
through Matlab-Simulink®. Figure (3a) shows the norm of the EE position
error ||0p|| when the proposed feed-forward control law is applied while using
successively the three CDPR models to generate the reference signal.

Figure (3b) illustrates the EE position error along the z-axis 6z, which is the
main one as the CDPR under study is assembled in a suspended configuration.
The red (gree, blue, resp.) curve depicts the EE position error when the elasto-
dynamic (elasto-static, rigid, resp.) model is used as a reference. The root-mean-
square (RMS) of dp is equal to 8.27 mm when the reference signal is generated

3 www.mathworks.com /help /slcontrol /ug/introduction-to-automatic-pid-tuning.html
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Fig. 3: (a) Position error norm (b) Position error along z-axis of the end-effector

by the rigid model of CDPR. This value is equal to 1.41 mm when the elasto-
static model is used. This represents a maximum relative difference of 17 % in
terms of EE tracking errors. When the elasto-dynamic model is used to generate
the reference signal of control, the EE position error RMS decreases to 0.31 mm,
which represents a difference of 24 % in comparison to the position errors when

adopting the elasto-static model. T

As shows the histogram in Fig. (4), the E“*S“"dy"a‘“icl%.lszﬂrﬁq -Rmszfngpu
position error of the EE is dominated by 1
the vertical direction regardless of the used Elasto-staticgge 7 M
reference model. Tracking errors and set-
tling times are reduced significantly while Rigid 821 mm
the elasto-dynamic feed-forward control com- JITITITTTT] ! f :m

6 1

pared to classical feed-forwards.

Fig. 4: Histogram of the RMS of
l[op]l and 0z
4 Conclusions and future work

This paper proposed a model-based feed-forward control strategy for non-redundant
CDPRs. An elasto-dynamic model of CDPR was proposed to anticipate the full
dynamic behavior of the mechanism. Accordingly, a contribution of this paper
deals with a good simulation model of the CDPR, including the vibratory effects,
cable elongations and their interaction with the whole system, used as a refer-
ence control model. The comparison between the position errors obtained when
using the proposed elasto-dynamic model or the classical rigid and elasto-static
ones as control references shows meaningful differences. These differences reveal
that the proposed control strategy guarantees a better trajectory tracking when
adopting the proposed elasto-dynamic model to generate the reference control
signal for a non-redundant CDPR. Experimental validations will be carried later
on. Future work will also deal with the elasto-dynamic model-based control of
redundant actuated CDPRs.
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