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ABSTRACT

Cable-actuated parallel manipulators combine benefi
large workspaces, significant payload capacitied &igh
stiffness by virtue of the cable actuation. However
redundant/surplus cables are required to overcomme t
unidirectional nature of forces exertable by cabldss leads
to actuation redundancy which needs to be resatvedder to
realize some of the benefits.

We study the implication of using actuation redurmja
to tailor the workspace (task space) stiffnes$efdable robot
system. Suitable trajectory tracking control schensre
developed that additionally achieve secondary gdaictive
stiffness control to improve disturbance rejectiamder
positive control input constraint We demonstratee th
performance of these control schemes using a poass
cable robot system modeled within a virtual propatg (VP)
implementation framework.

1 INTRODUCTION

Cable-robot manipulators are formed by replacing th
multiple sets of articulated-legs of a parallelkétrecture
manipulator with cables. This allows the end-effegiatform
motion trajectories and exerted forces to be cdetioby
extending or retracting the various cables. Howewable
robot systems can function only when the cables iare
tension. Additional active cables are typically raduced,
leading to surplus of actuators over degrees efiiven [1].

On one hand, this creates indeterminacy in termshef
force-distribution required to achieve desired effdetor
motion. On the other hand, without careful cooation,
substantial internal forces can build up within tbese-
kinematic-loops. Effective resolution of this redamcy, by
way of satisfying auxiliary constraints or secondar
optimization criteria, becomes necessary for con8aitable
developments of actuation redundancy resolutionersels
offer not only the capability of performing the miry task

but also to redistribute cable-actuation forces satisfy
secondary criteria. Hence such methods have found
application for eliminating singularities withinorkspace [2],
reducing the chance of system failure, and reaizptimal
actuation distribution and power consumption amdhg
actuators [3], or for enable active stiffness colnitn terms of
modulating internal actuation distribution [1, 4].

While redundantly-actuated parallel robots have nbee
treated in the literature previously, the unilaterature of the
cable-tension constraint creates challenges. Maarallpls
exist between the wunilateral tension requirementsl a
unidirectional  normal-force  constraints  arising  in
multifingered hands and multilegged walkers [5].v&al
solution approaches have been proposed to perform
redundancy resolution while maintaining positivensiens,
including feedback linearization approaches [6] aide-
optimal trajectory control [7].

At the same-time, several authors have studiedetin:
effector stiffness of cable robots. As in other atb
manipulators, stiffness is a very important measoirethe
manipulator’'s structural rigidity and trajectoryfawing
performance (and more-importantly disturbance-tajal.
Albus et al. performed the first study of stiffnefes cable
robots in [8] and later used the result for theiglesand
development of the NIST RoboCrane. More recently,
Verhoeveret al. [9] presented a paper on the stiffness of cable
actuated robots. Stiffness control strategies geegrovide
relationships between position error and exteroald exerted
by the end-effector. Stiffness control strategy banthought
as a special case of impedance control that carssa@y the
steady state force/displacement relationship. Hewet does
not adequately describe nor control the transi@spanse
resulting from the dynamic behavior of the systeb®]]
Active stiffness control strategies have been dmed to
achieve desired end-effector stiffness using redond
actuation [4] for general robotic manipulators.
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However, to the best of our knowledge, no one has
explicitly considered the use of active stiffnessitcol using
the redundant actuation to achieve desired endteffe
stiffnress in cable robots. Such control now offdte
possibility for the robot to dynamically counteragtcertain
and unmodeled disturbances. Further, since stsgfoestrol
using redundant actuation is formulated in the-splce of
the system dynamics, linear superposition overttajectory
tracking control guarantees natural prioritizatiaf the
trajectory following task. We will explore some dfese
aspects further in this paper.

The rest of paper is organized as follows. The esgyst
description and modeling efforts are presentededntiSn 2.
Section 3 explains the identification method fa thteraction
force. The simulation framework is explained in t8st 4,
with numerical simulations presented in Sectiorfoaipwed
by concluding remarks in Section 6.

2 CABLE ROBOT SYSTEM

2.1 Kinematic and Dynamic Equations of Motion

AZ,

() (b)
Fig. 1: Schematic of (a) 6 DOF cable robot system; and (b) sketch
of cable i and its related position vectors.

Figure 1(a) shows a spatial 6-dof cable robot @etlby n
identical cables. Following [11], the lower platensidered to
be the moving end-effector, is connectedrbydentical cables

to the upper fixed base at connection-poifs and B,

i =1, 2,---n, distributed at the vertices of an arbitrary
polygon. Several closed kinematic loops are forrhgdthe
cables. Two Cartesian coordinate systely(O, x,,Y,,Z,)
attached to the base with the origin located atctmger, and
F: (O, X.,Y.,z,) attached to the moving platform (end-
effector). The location of thé" external and onboard cable
connection be denoted B8 and °A . The Jacobian of cable
robot may be derived as:

I=JX @)
where

|AI (Oél x|, ) |AI - dl x °R. Eél)T
|A; (Oéz ><|A2)T |A; - dz X OF\’E Eéz)T
3=|1s Cesxla) =[5 - (ox °R “es) 7

T 0— ~ T A E—
In (Cenxln) | |Tn —(Iax°R &)

and

. . . . . . . . . T
X=[xy zw o of, |:|:|1 2 1s - In:| 3)
where’l; is the position vector of th cable {=1,2,--n.)
with respect to frame{IFO} = Ti /H(Fh H is the unit length

vector of i th cable. g is the position of the -th onboard
cable connector relative to the end-effector cowmtdi frame

{F:}. I, represents the velocity ofith cable, and
X :[§< y z W, W, w,] is the velocity vector for the
reference point in moving platform with respecbse frame

{F,} .A simplified representation of=J X can be obtained
for cable robots with point mass moving platforis, a

AT AT AT Nl
J:|:|1 2 13 "'In:| (4)
. . . . . . . . . T
X=[x vy 2, |:|:|1 l2 1s - |njl (5)
Furthermore, when dealing with the planar cdse’p,, %,

°X. and ®g, °X. =[x y 4] are vectors in the plane and
the orientation is given by

cd -8 0
‘R.=R@)=|sf cf O
0 0

(6)
Further following [11], we can also obtain the dyna
equations of motion (EOM) of cable robot system as:

M(X)X +h(X,X)+g(X)=-J"F (F=0) (7)
where M (X) is the inertial matrix,h(X,X) term represents

the Coriolis and centrifugal forcesg(X) represents the

external forces, including gravitational force, afd is the
cable tension force.

2.2 Feedback Linearization

As an example of a simple mechanical system [,
feedback linearization control law cam be derived $uch
systems in a straightforward manner. We considePa
controller based feedback linearization techniquentet the
trajectory tracking requirement. LeX,(t), X,(t)andX,(t)

represents the desired trajectory information anat déetween
actual and desired trajectory be defined as:
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e= X,y (1) - X(t) 8
Substituting X = X, +K_e+K,e into the EOM we can solve
for the control input as:
F, = (3" IM(X)(X, + K e+ K8 +h(X, X) +g(X)] (9)
which yields task-space error dynamics which caddsgned

by pole-placement as:

M(X)(@+K e+K,8 =0 (10)

2.3 Redundancy Resolution

Effective actuation-redundancy resolution schenss loe
developed for cable robot, formulated based on g¢seu
inverse solution to the system equations of motibat
W =[f m]" represent the vector of output wrenches (forces

and moments) on the end-effectof =[F, F, Fl

represents the vector of tensions applied by cable=ording
to principle of virtual work:

Winay = =3 ey Fity = Sy Py (F 2 0) (11)

A general pseudo-inverse solution for Eq. (11) banwritten
as

F=SW+(l —S#S)Z:Fp+Fh (12)
where | is nxn identity matrix, Zis an arbitraryn -vector,

and S* is Moore-Penrose pseudoinversesofSince the cable
robot system under our consideration is almost wdwa
redundantly actuated (underconstrained), which s\@ax n ,

S*can be computed aS* = S"(SS")™. The first term of Eq.
(12), F, corresponds to the particular solution. The second
term, F, corresponds to the homogeneous solution that maps
Z to the null space o5. When the second terfy =0, we
haveF =F_ , which corresponds to least squares minimum-

norm solution to the system of equations. Howeubg
positiveness of this solution is undetermined, Whimplies
that unidirectional force constraint may be viotat8ince F,

can take on any value, there will result in in#niset of
possible solutions to the system. As shown in [¥3, F, can

be interpreted as the min-norm equilibrating forfield
whileF, as internal force which does not contribute to the
effective work to the environment. Most importantithe
positiveness of forces can be ensured by propeodgutating
internal actuation distribution, which can be nangue.

2.3.1  Minimal Parameterization of Null Space

In Eq.(12), letH = (1 - S*S), Typically H matrix is found
to be rank deficient: rarfk — S*S) = (n-m) <n, which means
non-independent components exist within the nulcspof S.

As the result of that, discontinuity may resultan[15] due to
different set of(n—m) independent columns df chosen for

S in each iterative steps. Thus, in this section,pnesent an
approach to find the minimal parameters to uniquepresent
the null space solution. To solve this problem,caa perform
singular value decomposition (MATLAB routine SVDp t
obtain the full rank nullspace component of theterys

H=UAV" (13)

whereU andV are nxn orthogonal matrices, anfl is the
diagonal matrix contains the singular valuetdfin the form

A=diag{0,,0, .0 .0.-.  With 6,>0,i=12;-n-m.
We choose N(§)=[U, U, --- U, ] as the first (n—-m)
columns ofU matrix corresponding to firs(n—m) non-zero

singular values. Obviouslyank(N(S)) =n-m sinceU is

orthogonal matrix), then, an equivalent expres&ioriEq. (12)
becomes

F=SW+Y aN, =F, +N(Sa
j=1
where N(S)=[n, n, --n] . denotes the full rank null

(14)

. ~ T .
space or kernel matrix o8, and a':[a'1 a, - ni] is an

arbitrary (n—m) vector. Here, i=(n-m) where n is the

number of cables andn is the dimension of the Cartesian
space or rank of matris .

2.3.2 Tension Optimization Formulation
In cases, least squares minimum-norm solutignresults in

some negative tensions, certain criteria is ne¢dezhoose a
proper homogeneous solutionF, to guarantee the
positiveness ofF . Specifically, we can optimize the tension
among cables by imposing proper objective functamd
considering components af vector in Eq. (14) as design
variables in the optimization processes. The opgttidn
schemes can be formulated as a linear programlas/$o

Min: W,"F

where: F:S#VV+Zanj =F,+N(S)a (15)

=1
-N@Gy<F,

W, is a weighting matrix. For example, If all compatseof

subject to:

W, are 1, the objective function becom@§ +F, +---+F,) .
Alternatively, Eq. (15) can be reformulated asdolé

Min: W, a

subject to: =N (S)a <F,

(16)

3 ACTIVE STIFFNESS CONTROL

3.1 Cartesian Stiffness of Cable Robot System
The forces and moments acting on the end-effectoithe
reaction forces and moments exerted to the envieohrby

the end-effector, W =|f m]T and deflection of the end-

effectoroX caused byw can be related by a stiffness matrix
K, as:

dw =K, dX 17)
where K, is called Cartesian or task space stiffness matrix
Similarly, tension forces exerted by cables
F=[F K- E]'and displacement  within  cables

d =[dl, al, --- dl,] caused byF can be related by a

stiffness matrix (cables are assumed to have lisgfiness
property) K, as
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dF =Kdl (18)
wherek, is called joint space stiffness matrix, and itissially

a diagonal matrix composed of cable stiffness eorst
Now we can get relationship between joint torqued the
end-effector force according to cable system dyonaguation

W=9F (29)
By taking differentiation of Eq. (19), we get
dw = (dS)F + S(dF) (20)

and substitute Eq. (17) and Eq. (18) into Eq. (2@ have
K, dX = (dS)F + K, (dI) (22)

6
where, dS:zg—de, which is derived by taking

i=1 0%
differentiation upon task space variableés=(x, x,, -, X;)-

Then, along with the Jacobianh=dl/dX , Eq. (21) can be re-
written as

Ky =K, +K, (22)
where
Kq :[B_SF EF EF] (23)
ox, 0%, 0Xq
K,=SK,J=-J"K,J (24)

Eq. (22) represents the relationship of mappingweeh
Cartesian stiffness and joint stiffness. The tekp includes

the differential Jacobian (a Hessian—3D tensor) iabernal
actuation force. Since it is depends on configaratind cable
forces, it can be nonpositive definite and asymimetr

From the relationship of mapping between Cartesian
stiffness and joint stiffness derived above, we eap that
Cartesian stiffness is not only related to changegoint
stiffness, but also to changes in system configumaas well
as changes in actuation forces or torques in joké® et al.
[16] termed this mapping between Cartesian stiffreesd joint
stiffness as conservative congruence transformate@T),
and they pointed out the incompleteness of the eatnal
formulation proposed by Salisbury in [17] basedtbe fact
that work done in joint space and Cartesian spaiti@nyva
robotic system should obey the law of conservatibanergy.
In the conventional mapping between Cartesianngts#f and
joint stiffness, the importance of changes in aobnaforces or
torques to the total stiffness matrix is omittedwlever, its
contribution to the total stiffness of a system dan very
significant, especially in the case of baised-pagldearing
and a actuation-redundant system.

3.2 Active Stiffness Control Schemes

Effective stiffnress schemes can be formulated as
optimization problem by taking advantage of the
indeterminacy of actuation forces resulting fromtuation
redundancy. We can achieve different goals by fdating
different objective functions in optimizatiom vector in Eq.
(14) is design variable in optimization processllofeing
shows general form of four schemes based on differe
scenario. Before we formulate the optimization scbe, first
we need to rewrite Eq. (22) into the following form

Ky =K, +K, (25)

where

Ky =[Ky (D) Ky (2)F o F Ky (im]T(mx(m» (26)
K= [K DK (2)F ik m] o (27)
K, =HF =H(F, +N(S)a) = HF, + HN(S)a

_.0S . 9SS . .0S; (28)
H _[a_ L :_] mx(mxn)
X 0X, 0X;,

Substituting Eq. (28) into Eq. (25), yields, with implicit a :
K, =K, +HF, +HN(S)a (29)

Now, we can define the general form of the optiticrausing
Eqg. (29) shown in the next section.

321 Minimal Force Distribution with Desired Stiffness
Min: w,'a
a
Where:  K_+HF, +HN Sy =c (30)
Subject to:  -N@S)a<F,

C is constant that represents desired end-effeciffiness.
W, is a weighting matrix. However, this scheme isagse

limited when the number of extra cables is lesatha-1), y
is the number of independent components of desitiffdess
matrix. As we can prove the number of extra cablesotes
the dimension of design variable, However, in most cases,
too many extra cables is not desired, as it wilhase higher
possibility of cable interference and greatly limihe
workspace. As the result of that, a feasible sotutioes not
always exist in Eq. (30), which means desiredrst$t can not
be achieved in most designs under this strictrizit®ue to its
ineffectiveness and limitation, we will not congidéhis
approach as candidate for active stiffness costrioémes.

3.3 Weighted Stiffness Matrix Approach

The error between the desired stiffness and astiffdess
can be defined as:

dK, =K, K, (31)
Our objective is to reducedk, by controlling the

redundantly actuated forces exerted by cables. Memves
mentioned earlier, it is not always possible tolizeathe

desired stiffness in all directions of Cartesiaacgp Thus, it is
necessary that an order of priority can be spetifienong
stiffness of different directions. In this way, Ability and

usability of the control scheme are greatly enhdn€®r this
purpose, we can formulate the optimization problas a
Quadratic programming problem as follows:

Min %dKXTWdeX
where K, =K_+HF, +HN @Sy (32)
st. -NEGp<F,
w, 0-- 0 o
W, = :0 VYZZ :O with i w,>=1  (33)
0 0 ow

nn (n(n+1)xn(n2+1))

2
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where dK, is a (n(n+1)/2x1) vector formed by the unique
elements of the stiffness matrix, since the stgfenatrix is

symmetric, for a stiffness witth dimension the number of
unique elements in(n+1)/2, W, is a diagonal weighting
matrix with its elements corresponding to each uaiq
elements indK, .

4 SIMULATION FRAMEWORK

4.1  Virtual Simulation and Analysis Framework
Virtual Prototyping has rapidly gained popularitynda
become a crucial part of most engineering desigrtgases
[18]. In this section, we will discuss the develapr of an
integrated analysis framework (using MATLAB/ Simki
MSC. visualNastran) for virtual simulation of ouesiign and
testing of redundancy resolution and stiffness brschemes
(See Fig. 2). In the future this implementatiomlso intended
to form the basis for the real-time, hardware-ie-tbop
simulation of a mechanical model of the system.

[control_Planar_Rigid_2
Ele Edt Vew Smuston Format Took e
0sEs =R T

S Beps. wam® |

i
5

-
S

|

ready 100% cbstapDiscat |

Fig. 2. MATLAB/Simulink, MSC. visualNastran integrated analysis
framework.

Desired Stiffness
v
Feedback Linearization | 1
Controller +;

Cable Tension
Optimization

¢ Restoring

¢ Force

Desired Trajectory

> Cable Robot
Stiffness Model

Cable Robot Model [ -
in Control Force

MSC.VisualNastran4D

Fig. 3: SIMULINK block diagram of overall simulation routine.

A block diagram of our simulation routine is shoimnFig.
3. It is composed of seven blocks: desired trajgcfeedback
linearization controller, cable tension optimizaticable robot
model in MSC. visualNastran 4D, Desired stiffnesable
robot stiffness model and disturbance force. Thbl€Robot
model in MSC. visualNastran 4D block contains the virtual
prototype of cable robot system built in MSC. vidiastran
4D, it serves as the plant being controlled by eatorces
input that are generated in MATLAB/Simulink in the
simulation routine. This block outputs simultaneous

information of the robot system in position, vetgciand
acceleration levels, which serves as the feedbaultt ito the
Feedback Linearization Controller block, such that correcting
control inputs to the cable robot will be generagedording to
desired trajectory information specified desired trajectory
block. The Cable Tension Optimization block serves as the
decision making and secondary tasks block to régwaantrol
inputs from Feedback Linearization Controller block
depending on different redundancy resolution sclseme
implemented. In our work, it is used to achieveimal forces
exertion among cables and active stiffness conimokhe
premise of maintaining cables in tension. Thesired
Stiffness block is used to specify desired end-effectofretis
of cable robot in active stiffness control. TRable Robot
Siffness block contains the stiffness model of cable robot
developed in and serves a part of active stiffnemstrol
scheme. Inputs of this block include the positiofoimation,
input control cable forces, cables stiffness cantstand
configuration information of current system. Thepui of this
block is the resorting force corresponding to oolted
stiffness along with position error generated bgtutbance
force from Disturbance Force block. This resorting force
serves as the compensation in disturbance rejestiemario.

5 CASE STUDIES

5.1 Planar point-mass cable robot

Several case studies are currently in progress ff@nar
point-mass, planar rigid-body, spatial point-masd apatial-
rigid-body). We will however report the resultsthre context
of a planar point mass cable robot system as shiowg. 4,
the end-effector is modeled as a point mass ardhat by
three cables, which are actuated by one motor atgaiin a
plane. The three motors forming the base are Idcatt€0, 0)
m, (0.6, 0) m, and (0.3, 0.52) m. The initial pwsitof the
end-effector is located at (0.35, 0.173) m, whighhie center
of the equilateral triangle formed by the boundafryhe base.
As we can see, this system is fully constrainedhd$ one
redundant actuation since the end-effector hasD®& while
it is driving by three cables.

#]Fk Edt vew Insert Vo
DEE(ABE o

SR € ESh[ox /D [ROMHE
NI BOG 0 v b GDRBEID [ G E

B Cacle_rlanar i

2]
e o - | e

EHEE]EE | (D -

o cormpeted frarmes)

body[14] “Gound Fixed

Fig. 4: Virtual Model of a planar point-mass cable robot system
model in visualNastran.
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: ' ' ' ' ' Desired Trajectary 5.2  Trajectory Tracking Study
08k e Lo At Teectory In this simulation scenario, the end-effector igiatly at
f : : (0.3, 0.173m and the desired end-effector trajectory is a
P e T NG ] circle  with trajectory x(t) =(0.3 + 0.1cos(t)n, and
; ; : ; ; ; : ; ; y(t) =(0.173 + 0.1sin()n (shown in Fig. 5(a)puch that the
P T FRE P CORUUURNET UOON SRV P L e desired velocity is0.1m/s. In Fig. 5(b) and (c), we can see
£ g g g g : g g the initial position converges to the desired tHjey
OABL oo NN 1o ORI ] S ] S S asymptotically in very shot time span. Moreoveg thnsion
: : : : : : : : : profile among cables that driving the end-effectbown in
? | Fig. 5(c) are always positive, and they are beiogtlled to
: reduce to zero while the end-effector is converdmgesired
: trajectory.
Di1 T Diz Lk Diss Di4 Di45 Dis 5.3  Trajectory Tracking with Stiffness Control
' ' ' ' | ' ' ' In this section, the simulation results show thegrenance
(@) of the point-mass cable robot implemented by ttajgc
i . . . . . . . . . tracking controller developed in Section 2 andttlve active
: 5 : : : : : e oy x stiffness control schemes in Section 3. Withouts laxf
g 5 : g ; g ___e":y -y generality, the stiffness constant of cables ircafles is set to
o1k B ........ RN R RN : . v :d 4 1N /m. The active Stiffness schemes are brlefly summaﬂ&
; ; : : : ; ; : : follows:
0.08f B e SRR e e SN e e SR
g T 53.1  Weighted Stiffness Matrix:
ED.DG ........ e RN S T IR ........ RN P As mentioned earlier in Section 3.2, it is not @mja
w § i : § i : possible and necessary to realize the desirechetidf in all
£ goall. S S S SR SRS SO R directions of end-effector (Cartesian space) ofablee robot
E S P : S 1 5 system. Thus, we can achieve the control of ssnn
oooll desired directions by assigning a weighting matiprioritize
' g é § 5 i : § § 5 the elements in the stiffness matrix to be corgobll
t § § : : : Specifically, in our work, we will only considerebdiagonal
o : : ; : § : : ; : elements in the stiffness matrix when formulatinige t
: § i i : : : weighting matrix, since the non-diagonal elemenméstdaghly
002 1 2' 3 4 5 6 :', 8 g - coupled, and they havg much less effect than thgodil
Time(s) element to the overall stiffness of the workspaoeable robot
(b) system. The same circular trajectory (shown in Bi@)) is
120 . : . . . . : . . used for tracking.
: : : : : : : Tension 1
. ........ . ......... ........ || =~ Temsion2 | | 5.3.2 Con_trol of stiffness in X direction _ _
: 5 : : : : : _ Tension3 In this case, the desired stiffness
: : Ky = diag[K4 K4 ] = [100 50]N im , we assume that the
= stiffness inX directions K, ) are primarily important. Hence,
S S] VRO OUUNON RS SUUOEOUUNNE SUOOS SOOUONNS SSRORUL IO BN our goal is to reducedk, = (K, -K,) with first priority.
s Accordingly, we set the weighting matrix in Eq.(38p
P IS S NN WA SO NS N SO NS ] W = diag[1 0 0], which meansw, = 1 W, = 0. In Fig. 6

(b), we can see the end-effector tracks the degiggectory

S0 YU U S SO SRS WO SV S S S very well, while the corresponding tension proféenong

: § 5 : : : g ; § cables that driving the end-effector shown in Fé¢a) are

\ 5 : 5 : 1 5 : 5 : always positive. Moreover, in Fig. 7(a) and (b), vem see the
stiffness inx-directions are at the desired stiffness 100 N/m

: ; : 5 5 5 ; : 5 while the value of stiffness ig-directions is changing in a
20, ; 5 s 4 : PR T wide range, which is around from 30 N/m to 420 N/m.
Timeis)
(©)

Fig. 5: (a) the circle trajectory use in the trajectory study; (b) the
tracking error and (c) the tension force in the cable during the
trajectory tracking.
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de=1DDmeanded =80 MN/m
180 T T T T T T
ao k. SRR TN SR RUTROR HET Tension 1 |

== =Tension 2

Time(s)
(a)
Koy =100 Nim and Koy = 50 Nim
012 : : , . . :
: : Ex = Xd - X
Ok RPPTTT ............. U P T e Yy

opoghoen TR ; ............. e ; ............. O SN 4

E : : : : : :
5 oposlk-.... L RIS ? ............. L B RN i

5 : : : :

=2 : : :

£ : : : : : :
= poall--s P PR TT PRI B [T e i

E : : : : : :

[= : : : : : :
Qgg_{- .......... TR PR U e fee . 4
o

_002 1 1 1 | 1 1

1 2 3 4 5 4]

Time(s)
(b)

Fig. 6: (a) Tension force in the cables; and (b) Tracking errors.

5.3.3 Control of stiffness in both X and Y direction
In this case, the desired stiffness

Ky = diag[K, K, ] = [L00 50N /m , we assume that
stiffness in bothX and v directions K, andK,) are equally
important. Hence, our goal is to redude, = (K, -K,) and
dK, = (K, -K,) with equal priority. Accordingly, we set the
weighting matrix in Eq.(33) asw = diag[v0.5 0~/ 05, Which
means v, = \/E"ny = Jor - In Fig. 8(b), we can see the
end-effector tracks the desired trajectory verylwehile the
corresponding tension profile among cables thatimyi the
end-effector shown in Fig. 8(a) are always positMereover,
in Fig. 9(a) and (b), we can see the stiffness-dlirection are
near the desired stiffness 100 N/m. Meanwhile stiftness in
y-direction is also near the desired stiffness 56 Nhoreover,

its error to the desired stiffness is less thart Wfain x-
direction.

Ky =100 N/ and Ky, = 80 N/m
100 T T T T

er:de -Kx

—— =Ky =Ky, -Ky

Stiffrness ErmariN/m)

_400 1 1 1 1 1 1
Time(s)
(a)
kg =100 N/m and Koy, = 50 Nfm

500 ! r T T T T

[s8e8

Elements of Stiffness Matrix {Nm)

100 i | i i i i
u]

(b)
Fig. 7: (a) Stiffness error; and (b) Value of the stiffness matrix, in
the control of stiffness in X direction case study.

6 DISCUSSION

The results shown in the two case studies (in Se&i3)
verify that the control schemes developed earlierapable
of achieving combinations of our goals: (i) traggttracking;
(i) achieving active (task space) stiffness contad (iii)
optimizing cable force distribution. Trajectoryatking
nonlinear controller based on feedback linearizatechnique
provides good system performance to cable robattuation
redundancy provides feasible solution to addressctntrol
input constraint issue (in our case, positive tmsforce
exerting by cables) in the control of cable robgstem.
Moreover, it provides flexibility and usability e context of
optimal cable force distribution and task spacdfress
specification and adjustment.

Specifically, redundant actuation forces will n@ngrate
effective work in task space, but can generateciuiathge task
space stiffness of the system. The CCT based tpakes

7 Copyright © 2009 by ASME



stiffness mapping method [16] provides insight
understanding of relationship between redundantiation
forces and task space stiffness. Simulation resgltgy this
assumption — larger task space stiffness can biewvach by
higher level of redundant actuation forces in magte.

Disturbance-rejection issue in steady state can
effectively handled by means of active task spadéness
control, through the effect of restoring force teomm position
error.

Koy =100 N/m and Ky, = S0 Nfm
160 T T T T T T
: : : : Tension 1 |
== =Tension 2

: : : : —+— Tension 3
120k P Beo ERRRR R SN i
LT 1 P O O S S i
+
Sl 4
il
2
(u]
i
BOH
AD ] i

T T
AR 1 S SURTRTURR ORURR e R — e, =X
' : ' : —— B =YY
OB E e ]
E [uRnL=] P PSPPI i
g
L
g’ 1 7 | S
g
=
DO 4
0 r\ ..... i
_002 1 1 1 1 1 1
1 2 3 4 5 g 7
Time(s)
(b)

Fig. 8: (a) Tension force in the cables; and (b) Tracking errors.

and

be

Stiftness ErmorN/m)

Elements of Stiffness Matrix (N/m)

Fig.

the

Koy =100 N/m and Ky, = S0 Nfm

ek =k -k |

———eKy:Kyd-Ky

Time(s)

()
Ky =100 N/m and Ky, = 50 M/m
300 T T T T

280k ............ ............ ............ A i

200 F

(b)
9: (a) Stiffness error; and (b) Value of the stiffness matrix, in
control of stiffness in both X and Y direction case study.
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