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Abstract. This paper presents a method for dynamic adjustment of cable
preloads based on the actuation redundancy of cable-driven parallel robots
(CDPRs), which allows increasing or decreasing the platform stiffness
depending on task requirements. This is achieved by computing preload
parameters with an extended nullspace formulation of the kinematics.
The method facilitates the operator’s ability to specify a defined preload
within the operation space. The algorithms are implemented in a real-time
environment, allowing for the use of optimization in hybrid position-force
control. To validate the effectiveness of this approach, a simulation study
is performed, and the obtained results are compared to existing methods.
Furthermore, the method is investigated experimentally and compared
with the conventional position-controlled operation of a cable robot. The
results demonstrate the feasibility of adaptively adjusting cable preloads
during platform motion and manipulation of additional objects.
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1 Introduction

The use of serial manipulators is well established for handling tasks in automa-
tion and production environments. However, for large-scale manipulation the
workspace and payload of serial robots are limited. These disadvantages can be
overcome by using cable-driven parallel robots (short: cable robots) that use
cables instead of rigid prismatic actuators to control an end-effector. Due to
their flexibility and low weight, cables can be stored compactly on drums so
that high maximum actuation length and acceleration can be reached. Thus, a
large geometric workspace can be made possible. A well-known example for a
large-scale cable robot is FAST [7], which is a spherical radio telescope with a
span width of 600 m and a payload of approx. 30 t. Other examples are the
Robotic Seabed Cleaning Platform (RSCP) [2] for removing marine litter and
high rack warehouse solutions [4]. Efficient operation is essential for the handling
tasks of robotic systems. A high accuracy is required for loading and unloading
objects, while the motion between handling operations does not require high
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accuracies, but low energy consumption is necessary. For cable robots, increasing
the platform stiffness leads to a more precise operation and higher energy con-
sumption, whereas decreasing leads to a low energy consumption due to lower
cable force and also lower accuracy [8]. High energy consumption can be assumed
by applying high cable forces on the platform, which require high motor torques
and therefore also high motor currents. Conversely, low energy consumption can
be achieved with low cable forces.

Parallel cable robots are redundant mechanisms with number of actuated
cables m > n + 1, whereby the platform can be manipulated with n degrees of
freedoms (DOFSs). Verhoeven [16] already describes that cable robots have the
potential to increase or decrease the cable preload and consequently adjusting the
platform stiffness by exploiting the nullspace. Later, Kraus et al. [6] presented
an energy efficient computation method of the force distribution of a cable
robot. Therefore, a gradient vector is used to compute a reference force and
subsequently solve the static equation of a cable robot with the Moore-Penrose
pseudo inverse. It has been proven that adjusting the cable force results in
lower energy consumption than serial kinematics with a similar operation range.
Disturbances due to changes during handling tasks, i.e. loading or unloading an
object, and the pose error of the platform were not investigated. Furthermore,
Fabritius et al. [1] presented a correction method for cable forces using nullspace to
keep the cable forces within the predefined limits and to compensate disturbances
within the cable acutation system. However, the cable forces and consequently
the platform stiffness cannot adaptively change during motion. Other relevant
works are [3, 5, 12, 14] in which hybrid position-force controllers of cable robots
are mainly investigated. However, the aim of the presented control concepts is not
to control the cable preload in nullspace and thus adaptively adjust the platform
stiffness, but to reduce disturbing effects caused by the cable actuation system
or the environment. Hence, in this paper, an adaptive preload control (APC) for
redundantly restraint cable robots which allows adjustment of the cable preload
during motion and during object manipulation is presented.

2 Advanced Kinematics

2.1 Geometric Relations

In Figure 1, the geometric relations of a cable robot are deduced from the
algebraic loop of the inverse kinematics with the example of the i-th cable. This
leads to

li = ||lill2 = [la; —  — Rb;|2, (1)

where [; is the vector of the i-th actuated cable with [; as its length, a; the frame
anchor points, r the platform position, R the platform rotation matrix, and b;
the platform anchor points within the local platform coordinate system.

The so-called structure matrix A" is computed by normalizing inverse kine-
matics for each cable ¢ with given platform pose (r, R) € SE(3) with the Euclidean
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norm ||-||2. The structure matrix can also described as the negative transposed Ja-
cobian of direct kinematics AT = —JJ . which has the cable direction u; = HllW
and twist with respect to a reference coordinate system Rb; X u; as matrix
entries,

T_ T _ u Tt Um
A = JDK_ Rblxu1~~~Rbmxum ’ (2)
For the technical use of running cables, the use of deflection pulleys are common, so
that the inverse kinematics can be extended with pulley kinematics, as described
in [9]. This extended pulley kinematics is used for the simulative and experimental
investigations in this paper.
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Fig. 1: Algebraic loop of inverse kinematics of COPacabana robot at ISW [15].
With A; € Ky as frame anchor points and B; € Kp as platform anchor points.

2.2 Nullspace Extension

The dynamics of the mobile platform is summarized to wrench w, such that
AT f = w, is fulfilled, where f = [f1,..., fm] are the applied cable forces due to
joint-space actuation. Because the cable robot platform is actuated with at least
m > n + 1 cables, the structure matrix A" is non-quadratic and not invertible.
Thus, the kernel of the structure matrix ker(AT) = {v € R™ | ATv; = 0} is
not empty, assuming that the robot is not in a singular pose. For example, a
redundancy of p = m — n leads to a pose dependent nullspace with size (m x p)
such that N = [v1,...,v,]. The main approach of the APC which is presented
in this paper is adjusting the geometric stiffness of the platform on the platform
and identify a set of preload parameters such that a solution of force distribution
is found. To do so, cable force are measured on the frame (i.e. with pulleys) and
converted to the applied wrench w.. The stiffness of a cable robot is represented
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by two parts: the pose-dependent stiffness applied due to cable elongation and
the geometric stiffness which depends on the applied cable forces and pose (see
Kraus [5]). To adjust the geometric stiffness, the non-quadratic structure matrix
AT will be extended by its transposed nullspace, such that

AT, = [;ﬂ | (3)

Hence, Aldv is an invertible quadratic matrix which can be used to compute a
unique force distribution for a given platform wrench with

(Al—dv)_lwc,adv = .fa (4)
where We adv = [we, A]", with preload parameters A = [A1,...,A,]".

2.3 Preload Parameter Optimization

Depending on the platform pose (r, R) and the orientation of the nullspace,
feasible preload parameters A must be determined. Furthermore, the cable force
should neither drop below a specified minimum nor exceed a maximum limit.
The cable force limitations result from the mechanical properties of the cable
robot. For example, depending on the size of the robot and cable type a specific
minimum force f,,;, must be applied to the cable to avoid uncontrolled motion
of the platform due to lag of stiffness. The maximum cable force f,,,x should not
be exceeded because of cable damage or overload of the cable actuation system.
For handling tasks, the platform is moved with or without objects, whereby high
stiffness is required during the loading or unloading process. The movement along
the planned trajectory between the two operations must be efficient, whereas a
high stiffness is not necessary. The geometrical stiffness can be seen as a measure
of the resistance of the platform, which influences the positioning accuracy [8].
Hence, it is necessary to adaptively change the preload of the platform with
the force distribution of the cables. Therefore, the preload control parameter 7.
is introduced, such that the platform is specifically preloaded for each pose of
a tajectory. Consequently, these conditions can be formulated as the following
minimization problem

min e = Hg’é_(ncfmax + (1 = 1e)fmin) |2 (5)
subject to: (A;rdv)_lwc’adv —f ek <0 (6)
frar
fimin — (A;rdv)_lwc’adv <0 (7)
Srar
O<me <1 , (8)

where fi., describes the target force distribution for the force controller. The
preload control parameter 7. can be adapted between 0% and 100% during motion.
Thus, a real-time capable optimization algorithm with nonlinear constraints is
used to compute feasible preload parameters .
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3 Adaptive Preload Controller

To give an overview, Figure 2 shows a schematic block diagram of the APC and
the relation between the platform and drive systems of the cable robot. The basic
structure of the control system comes from Reichenbach et al. [12], and is now
adapted for the integration of the APC. The above-mentioned work also includes
a detailed description of the modeling of drive controller, winch mechanics, cable
dynamics, and platform dynamics. Hence, the following section focus on APC.

Drive Controller & Winch Mechanics ééCable Platform Dynamics
O :{Dynamics

_ fimi i
(A;—dv) ! We,obs f::::(‘ @f1 Wfm ]ﬁ/n
e —
. Preload Parameter Cul. 1 )
Me Optimization Lagn
A frar er
-1 R Q ch Kcich
(A;—dv) We,adv f
o Force
Adaptive Preload Controller
Control

Fig. 2: Schematic overview of the implementation of APC within the cable robot
system (adapted from [12]).

To achieve linear actuation using a cable, the target pose Yiar = [z, Y, 2, @, B,7]"

of the platform, which includes Cartesian position 7y, and transformed orienta-
tion Ry, specified in Euler angles, requires the calculation and transformation
of the target cable length li,, ; into angular positions ¢yay,; for the drive systems.
To do so, the inverse kinematics (IK), as defined in Equation (1), is used with
pulley kinematics [9], taking into account the transmission ratio of the planetary
gear tg and the winch tw = 27Rp with Rp as nominal drum radius. Thus, the
position controller output is the angular velocity target value

wq,i = Kvtwta(la, —6) = Ke(@d,i — ¢i)s 9)

with ¢; for the actual motor position, K as position controller gain. For preload
parameter optimization, the actual wrench on the platform is observed by trans-
forming the actual cable forces with the structure matrix, such that we obs = ATf.
Consequently, friction forces, i.e. within the cable guidance system, are also
transformed into the operational space. The inverted advanced structure ma-
trix (A],, )7t is computed with the target pose yi.r according to Equations (2)

adv
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and (3). Both, the actual wrench and the inverted advance strucutre matrix
are computed in real-time for each target pose along a planned trajectory. Ad-
ditionally, the adaptive preload control parameter 7. and cable force limits
flim = [fmin, ’fmax]—r are specified. To preload the cables within the cable robots
nullspace, a force controller is implemented. Using the optimized preload param-
eters Aqpt and the advanced structure matrix Azdv, target cable forces can be
computed with Equation (4) and controlled with a PID-controller Fcyy1,; for each
motor. The output of the force controller is an additive angular speed value wr ;.
Thus, the angular speed target for the drive control system consists of the position
controller part and the force controller part which leads to wiar; = wq,i + Wt

Simulation Study To show that the algorithms of the APC are correctly
implemented, a simulation study is performed. Therefore, the cable force compu-
tation of the presented APC is compared with the Advanced Cloed-Form (CF)
method [11]. The simulation study was performed with the geometrical data
of the cable robot COPacabana which is presented by Trautwein et al. [15].
However, modifications were made to the frame and platform geometry due to
reconstruction. Thus, the actual data of COPacabana is published in [13] as XML
file including geometry, drive and control parameters of the cable robot. For the
computation of the force distributions, the Python integration WiPy of WireX is
used which is an open-source software environment to develop cable robots and
presented by Pott [10]. To solve Equation (5), optimization algorithms COBYLA
and SLSQP are investigated. COBYLA uses local derivative-free optimization and
SLSQP uses local gradient-based optimization. Both algorithms produce similar
results, and only minor changes can be observed due to numerical noise and
different treatment of the termination criteria. The feasibility of the algorithms
is calculated for the force distribution at poses along a path with r, = [0,3] m
and a discretization of 1 mm, which is an upward movement of the platform
without rotation. Thereby, the algorithms are verified whether the solutions of the
computed target forces show discontinuities and whether the force distribution
of the respective pose is valid.

The results of the simulation study in Figure 3 show, that the approach using
a preload control parameter 7. to increase or decrease the geometric stiffness
of the platform is feasible. It can be seen that despite different parameters, the
optimization algorithm converges until the pose zy = 2.4 m is reached, marked
with a black line in the figure. In addition, the results show that a preload control
parameter of 1. = 50% correspond to the results of the CF method.

4 Experimental Investigation

The experimental investigation is performed on the cable robot COPacabana
as described in Section 3 and thus the same parameters are used. To compute
cable force target values for the drive control system, the SLSQP algorithm is
converted into real-time capable driver object (TcCOM) in Beckhoff TwinCAT 3
(3.1.4024.54) environment. This setup is able to compute the nullspace, the
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Fig. 3: Computed cable force distributions of APC compared to CF method with
a motion along r, = [0,3] m and cable force limits fj;,, = [50, 700] " N.

optimization, and the force control algorithms within 20 ms (with a single core
of an Intel Core i7-7700 processor). In order to validate the APC for a handling
task experimentally, a weight with mop; = 15.2 kg is loaded via a load hook
onto the cable robot, moved along a trajectory with different rotations and
then unloaded again. The overall weight is mp = mgg + mon; with platform
mass mgg = 13.9 kg. The procedure is performed with conventional position
controlled operation using IK (STD) and repeated with activated APC. The
experimental setup and the platform trajectory are shown in Figure 4 and video
recordings of the two experiments are also published in [13]. The trajectory during

manipulation was performed with a target path velocity of 9 = 0.34 ms™!.

Results and Discussion The results of the experiments are shown in Figure 5.
On the left, the cable forces of the experiments are shown, where the cable
force target values fiar; are computed with Equation (4). The cable force limits
are fiy, = [50,700]"N. The measured cable forces during position controlled
operation are fgrp,;, whereas cable forces of APC operation are fapc,;. On
the right, position and rotation errors of the platform are shown to validate
that changes in geometric stiffness do not lead to large changes in position and
rotation, and stay within the tolerance STD operation. The platform pose ypk
was determined by solving forward kinematics using measured motor encoder
position ¢. Thus, pose errors due to cable elongation between frame and platform
anchors cannot be investigated. The pose errors € = ytar — Y () are computed
for platform position and rotation e = [ex, ey, €4, €q, €3, 67]T for both experiments,
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L e R@ P R(B)F 1o /% mpike
L Load weight:
| 1 [0.00 0.00 0.60]" 0 0 25 13.9

2 [000 -087 0.38]" 20 0 75 139

3 [0.00 -093 0.38]" 0 0 75 290.1
Motion along trajectory:

4 [000 -093 0.80]" 0 0 50 291
5 [-0.75 -0.50 0.80]7 -15 0 50 291
6 [-0.75 050 0.40]" -15 0 50 291
7 [0.75 050 0.80]" 0 0 50 291
8 [075 -050 0.40]T 0 -15 50 291
9 [0.00 -0.75 0.80]" -15 15 50 291
10 [0.00 0.00 0.80]7 0 0 50 291
Unload weight:

11 [0.00 -093 0.38]" 0 0 75 29.1
12 [0.00 -0.87 0.38]T 20 0 75 29.1
13 [0.00 0.00 0.60]" 0 0 25 139

Fig. 4: Experimental setup on the left and schematic representation of the per-
formed motion on the right.

STD and APC operation. At ty = 22 s the weight is loaded by the platform and
at t; = 55.4 s the weight is unloaded.

For APC, the measured cable forces follow the target cable forces continuously
and stay within force limits, even if the preload control parameter 7. is changed
during motion. While unloading the weight at t; the cable forces of the lower
cables i = [5,6,7, 8] exceed the maximum cable force limit for about 0.5 s, as the
weight was jammed when it was unloaded. Furthermore, minor control errors
of the cable force occur during the movement between ¢y and ¢;, which can be
explained by the incomplete identification of the wrench w, from the force sensors
on winches and the swinging weight. This effect can also be observed in the
minor increased rotation error e. Comparing the cable forces of STD and APC
operation, the cable forces during STD operation often fall below the minimum
force, which leads to a loss of platform stiffness and reduced position accuracy.
Additionally, there only small differences found between STD and APC operation
of the computed pose errors. Hence, the geometrical stiffness of the platform
can be adaptively adjusted without loss of pose accuracy within the tolerance of
STD operation. The point in time of loading and unloading the weight can be
observed by identified wrench w ,. The swinging effect of the weight during the
trajectory can also be observed with the wrenches we (x y)-

5 Conclusion

In this work the redundancy of CDPRs is exploited to adaptively increase or
decrease the geometric stiffness of the platform. The presented method allows an
operator to increase the stiffness of the platform if required when loading and
unloading objects. In contrast, the stiffness of the platform and the energy con-
sumption for valid force distribution can be reduced by the operator, respectively.
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Fig.5: Experimental results with cable forces on the left and pose errors on
the right. In addition, measured translational wrenches and preload control
parameters during motion are shown.

Therefore, the developed concept of the APC is investigated in a simulation
study. The results are compared to the state-of-the-art Advanced Cloed-Form
method for cable force distribution computation. Subsequently, the concept of
APC is validated within experimental investigation and compared to conven-
tional position controlled operation of a cable robot. Finally, it is shown that
the preload of the cables can be adaptively changed during platform motion and
during manipulation of an additional object without changes of the platform pose.
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In the future, the accuracy of the cable robot will be investigated in detail with
an absolute coordinate measuring system (laser tracker) to show the advantages
of APC with hybrid position-force control of cable robots. Additionally, friction
disturbances within the drive system will be further investigated in order to save
costs on additional cable force sensors. Furthermore, the developed algorithms
can be used for the design and control of highly redundant reconfigurable cable
robots.
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