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We present the simulated dynamics and control of a planar, translational cable-direct-
driven robot (CDDR). The motivation behind this work is to improve the serious cable
interference problem with existing CDDRs and to avoid configurations where negative
cable tensions are required to exert general forces and moments on the environment and
during dynamic motions. Generally for CDDRs the commanded rotations are more de-
manding than commanded translations in terms of slack cable conditions. Therefore we
propose a translational CDDR whose end-effector may be fitted with a traditional serial
wrist mechanism to provide rotational freedom (assuming proper design to resist the mo-
ments). Only the translational CDDR is considered in this article, including kinematics
and statics modeling, statics workspace (wherein all possible Cartesian forces and mo-
ments may be exerted with only positive cable tensions), plus a dynamics model and
simulated control for planar CDDRs. Here we focus only on planar CDDRs, to clearly
demonstrate our dynamics and control work; we will extend this work to spatial CDDRs
in the future. Examples are presented to demonstrate simulated control including feed-
back linearization of the four-cable CDDR (with one degree of actuation redundancy) per-
forming a Cartesian task. An on-line dynamic minimum torque estimation algorithm is
introduced to ensure all cable tensions remain positive for all motion; otherwise slack
cables can result from CDDR dynamics and control is lost. ~ © 2003 Wiley Periodicals, Inc.
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1. INTRODUCTION

Cable-direct-driven robots (CDDRs) are a type of par-
allel manipulator wherein the end-effector link is
supported in-parallel by n cables with n tensioning
motors. In addition to the well-known advantages of
parallel robots relative to serial robots, CDDRs can
have lower mass than other parallel robots. Several-
CDDRs and cable-direct-driven haptic interfaces
(CDDHlIs) have been studied in the past. An early
CDDR is the Robocrane® developed by NIST for use in
shipping ports. This device is similar to an upside-
down six-degrees-of-freedom (dof) Stewart platform,
with six cables instead of hydraulic-cylinder legs. In
this system, gravity ensures that cable tension is
maintained at all times. Another CDDR is Charlotte,
developed by McDonnell-Douglas® for use on Inter-
national Space Station. Charlotte is a rectangular box
driven in-parallel by eight cables, with eight tension-
ing motors mounted on-board (one on each corner).
Four CDDHIs have been built and tested, the Texas
9—string,3 the SPIDAR,* the seven-cable master,® and
the eight-cable haptic interface.® CDDRs and CD-
DHIs can be made lighter, stiffer, safer, and more eco-
nomical than traditional serial robots and haptic in-
terfaces since their primary structure consists of
lightweight, high load-bearing cables. On the other
hand, one major disadvantage is that cables can only
exert tension and cannot push on the end-effector.

All of the devices discussed above are designed
with actuation redundancy, i.e., more cables than
wrench-exerting degrees-of-freedom (except for the
Robocrane,! where cable tensioning is provided by
gravity) in attempt to avoid configurations where cer-
tain wrenches require an impossible compression
force in one or more cables. Despite actuation redun-
dancy, there exist subspaces in the potential work-
space where some cables can lose tension. This prob-
lem can be exacerbated by CDDR dynamics, hence
the current article studies dynamics and control of
planar CDDRs. Roberts ef al.” developed an algo-
rithm for CDDRs to predict if all cables are under ten-
sion in a given configuration while supporting the ro-
bot weight only. They also present the inverse
kinematics and fault tolerance of Charlotte-type® CD-
DRs, but no dynamics modeling is presented. The
current authors (first two) have developed the best
CDDHI design with regard to wrenches with only
positive cable tensions and with regard to avoiding
cable interference.® It was found that cable interfer-
ence dominates.

Choe et al.” present stiffness analysis for wire-
driven robots. Wire driven robots must provide stiff-

ness in all six Cartesian degrees of freedom even if
motion is in a subspace of the general case. In the cur-
rent article we handle this by assuming the planar
end effector is supported on a plane; thus only the x,
y, and rotation about z freedoms must provide stiff-
ness from the cable drive systems. Kock and
Schumacher'” have implemented a parallel robot (not
cable-suspended) with actuation redundancy. They
use this actuation redundancy to avoid backdriving
the gear boxes and also to allow torque optimization.
Barette and Gosselin'! present general velocity and
force analysis for planar cable-actuated mechanisms.
They introduce and determine dynamic workspace,
dependent on end-effector accelerations.

Most proposed CDDRs and CDDHlIs involve
both translational and rotational motion of the end-
effector link guided by cables. [An exception is the
SPIDAR* which is a spatial four-cable haptic interface
reading translations only and providing three Carte-
sian forces (no moments) to the human finger.] All
CDDRs and CDDHIs with translational and rota-
tional motion suffer from the potential of cable inter-
ference and reduced statics workspaces wherein
some negative cable tensions would be required,
which is infeasible. The basic idea behind this article
is to provide translational motion and forces by
cables; the rotational motion and moments (not stud-
ied in the current article) would then be provided by
a serial wrist mechanism mounted at the end-effector
of the translational CDDR. Proper design is required
to ensure that the translational CDDR end-effector
has sufficient stiffness in all directions to resist the ro-
tational moments. The main objective of this work is
to benefit from potential advantages of CDDRs with-
out the cable interference and negative cable tension
problems.

This article describes a planar four-cable CDDR,
followed by kinematics modeling, statics modeling, a
method for attempting to maintain positive cable ten-
sions, and a discussion of the statics workspace. The
article then presents dynamics modeling (resulting in
a nonlinear, coupled dynamics model), followed by
Cartesian trajectory control simulation employing
Cartesian PD control and feedback linearization for
planar CDDRs with one degree of actuation redun-
dancy. An on-line dynamic minimum torque estima-
tion algorithm is developed to avoid slack cables due
to CDDR dynamics. Examples are then presented for
simulated control of the planar translational four-
cable CDDR.
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Figure 1. Planar four-cable CDDR diagram.

2. CABLE-DIRECT-DRIVEN ROBOTS (CDDRS)

2.1. Four-Cable CDDR Model

In this article a CDDR consists of a single end-effector
rigid body supported in parallel by n cables con-
trolled by n tensioning actuators. Figure 1 shows the
planar four-cable CDDR kinematics diagram. We are
introducing the concept of hybrid CDDRs, where the
translational freedoms are provided by the n=4
cables and the rotational freedoms can be provided
by a serial wrist mechanism mounted to the transla-
tional CDDR end-effector. We are considering only
the translational portion of the problem here; we will
attempt to keep zero orientation by control (¢=0 for
all motion; ¢, not shown in Figure 1, is the angle be-
tween the horizontal end-effector side a and the hori-
zontal ground link Lp). If the end-effector is sup-
ported by a base plate in the XY plane, the cross-cable
configuration of Figure 1 is sufficient in general to re-
sist moments about the Z axis from a serial wrist
mechanism consisting of a single revolute joint rotat-
ing about the Z axis, mounted to the end-effector
centroid.

For 3-dof planar motions (2 translations XY and
1 rotation about Z) there must be at least three cables.
Since cables can only exert tension on the end-
effector, there must be more cables to avoid configu-
rations where the robot cables can be slack and lose
control. Figure 1 represents one degree of actuation
redundancy, i.e., four cables to achieve the three Car-
tesian degrees-of-freedom X={x y ¢= 0}T. This sce-
nario represents actuation redundancy but not kine-
matic redundancy. That is, there is an extra motor
which provides infinite choices for applying 3-dof

Cartesian wrench vectors, but the moving rigid body
has only three Cartesian degrees-of-freedom X
={xy ¢}".

Figure 1 shows the inertially-fixed reference
frame {0} whose origin is the centroid of the base
square. The base square has sides of fixed length L.
Each cable is passed through the ground link at the
fixed points A;={A;, Al-y}T. The length of each cable
is denoted as L;, and the cable angles are 6; (i
=1,...,4). The moving end-effector frame {H]} is also
shown in Figure 1. Note vector {x y}' gives the po-
sition of {H} with respect to the {0} origin, expressed
in {0} coordinates. The end-effector rigid body mass
and mass moment of inertia are m and I, and the
lumped motor shaft/cable pulley rotational inertias
for each actuator are J; (i=1,...,4). We also include
viscous damping coefficients ¢; (i=1,...,4) at each
motor shaft to provide a linear model for the system
friction. The cable pulley radius for each actuator is r;
(i=1,...,4; not shown in Figure 1).

Theoretically the end-effector center can reach
any xy point within the base square (reduced on the
left and right sides by half the end-effector dimen-
sion, a/2, and increased on the top and bottom by
a/2), if cable lengths can go to zero. A singular con-
dition exists when the edge of the square end-effector
aligns with an edge of the base square. In this case
two adjacent cables align with the base plate edge; in-
finite force is required in the two adjacent cables to
move the end-effector normal to the aligned cables.
The other two cables cannot push, so motion is re-
stricted to this reduced base square; large cable ten-
sions will be required as this edge of motion is
approached.

Cable interference is a potential problem in CD-
DRs. Using crossed cables as shown in Figure 1, there
will always be cable/cable contact for all motion; to
avoid this problem either select low-friction cable
materials to allow cables to slide freely over each
other, or mount the cables in different planes, if the
base plate sufficiently supports the end-effector. In
the design of Figure 1, cable/end-effector interfer-
ence is non-existent in the useful motion range if we
succeed in maintaining orientation ¢=0 by control. In
the singularities at the edge of the useful motion
range, two cables will have just touched the square
end-effector side, even with ¢=0. The potential exists
for interference between cables and workspace items
and/or humans, but this problem can be minimized
by design in the case of planar CDDRs.
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2.2. CDDR Kinematics Modeling

Kinematics modeling is concerned with relating the
active joint variables and rates to the Cartesian pose
and rate variables of the end-effector. The intermedi-
ate, passive cable angles and rates are also involved.
Assuming all cables always remain in tension, CDDR
kinematics is similar to in-parallel-actuated robot ki-
nematics (e.g., refs. 12 and 13); however, with CDDRs
the joint space is overconstrained with respect to the
Cartesian space.

The inverse pose kinematics solution is straight-
forward (given the pose, calculate the cable lengths)
since the end-effector configuration is completely
given and the required cable lengths are simply the
Euclidean norms of the cable vectors connecting each
base point with the appropriate end-effector corner.
The forward pose kinematics problem requires the
solution of overconstrained coupled nonlinear equa-
tions and is more difficult. A Newton-Raphson nu-
merical solution has been employed, where the over-
constrained Moore-Penrose pseudoinverse is used in
the iteration. The CDDR inverse velocity Jacobian
matrix is closely related to the Newton-Raphson Jaco-
bian matrix and the statics Jacobian matrix. These ki-
nematics solutions are presented in ref. 6 and will not
be repeated here.

3. CDDR STATICS MODELING

In this article, the workspace wherein all cables are
under positive tension while exerting all possible
Cartesian wrenches is called the statics workspace.
Statics modeling and attempting to maintain positive
cable tension for all wrenches are presented in this
section. We use a simple method to determine the ex-
tent of the statics workspace, i.e., the workspace
wherein all possible end-effector wrenches can be re-
sisted with only positive cable tensions.

3.1. Statics Modeling

This section presents statics modeling for planar CD-
DRs. For static equilibrium the sum of external forces
and moments exerted on the end-effector by the
cables must equal the resultant external wrench ex-
erted on the environment (or, the wrench exerted by
a serial wrist mechanism acting on the environment
must react on the CDDR end-effector). Figure 2
shows the statics free-body diagram for the planar
four-cable CDDR.
The statics equations are:

Figure 2. Planar four-cable CDDR statics diagram.

)

I
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In this article gravity is ignored because it is as-
sumed to be perpendicular to the CDDR plane; we
assume the end-effector is supported on a base plate
with negligible friction. The definition of frames {0}
and {H} are given in Figure 1. In (1), t; is the cable
tension applied to the ith cable (in the negative cable
length unit direction ii because t; must be in tension);
9 R is the orthonormal rotation matrix relating the ori-
entation of {H} to {0} (nominally, %R:I3 since we are
controlling for zero orientation, ¢=0); h; is the posi-
tion vector from the origin of {H} to the ith cable con-
nection, expressed in {H} coordinates (only hj is
shown in Figure 2); and Fz and My are the resultant
vector force and moment (taken together, wrench) ex-
erted on the environment. Substituting the above
terms into (1) yields

ST=W;g. )

T={t; t, t5 t,}7 is the vector of scalar cable forces,
Wr={Fg Mg}'={Fg, Fry Mg, }T is the resultant ex-
ternal end-effector wrench vector (expressed in {0} co-
ordinates but felt at the origin of {H}), and the 3X4
statics Jacobian matrix S (expressed in {0} coordi-
nates) is

S
S=|~ c 0 s 0 20 :
3)
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The specific (3) expressions for Figure 1 CDDR are

_C01 _C02

_501 _502

Cﬁlhly—sﬂlhlx C02h2y_502h2x C03h3y_503h3x

where h;={h;, hl-y}T, ch;=cos b;, and s6;=sin 6;.
Equation (4) assumes that the orientation is ¢=0 for
all pseudostatic motion; otherwise each third row
term of (4) is ¢ Hi(hixs d)+ hiyc d)) —S Hi(hixcd)_ hin d)) .
This assumption is fine for pseudostatic motion, but
in the dynamics modeling section we will use the
general form where ¢#0 since dynamics can cause
small errors in ¢ despite control attempts to make
¢=0. The statics equations (2) can be inverted in an
attempt to resist general (in this article, planar) Car-
tesian wrenches while maintaining positive cable ten-
sion. This work is presented in the next subsection.

3.2. Maintaining Positive Cable Tension

For CDDRs with actuation redundancy, (2) is under-
constrained which means that there are infinite solu-
tions to the cable tension vector T to exert the re-
quired Cartesian wrench Wy . To invert (2) (solving
the required cable tensions T given wrench Wg) we
adapt the well-known particular and homogeneous
solution from rate control of kinematically-redundant
serial manipulators:
T=S*Wy+(I,—S*Sz), 5)
where I, is the nXn identity matrix, z is an arbitrary
n-vector, and S*=ST(SST)™! is the nX3 under-
constrained Moore-Penrose pseudoinverse of S. The
first term of (5) is the particular solution to achieve
the desired wrench, and the second term is the ho-
mogeneous solution that projects z into the null space
of S.
For CDDRs with one degree of actuation redun-
dancy (the case in this article), the positive cable ten-
sion method of Shen et al.'* is adapted to determine
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the extent of the statics workspace. For actuation re-
dundancy of degree one, an equivalent expression for
(5) is

tpy nq
tpo 1y

T= +a , 6
tp3 n3 (©)
tpa 1y

where the particular solution S* Wy, is the first term
in (6) and the homogeneous solution is expressed as
the kernel vector N of S (N={n; 1, n; n4}") multi-
plied by arbitrary scalar .

The method we adapt from Shen et al.** to deter-
mine if a given point lies within the statics workspace
for a given CDDR is simple. To ensure positive ten-
sions t; on all cables i=1,...,4, for all possible exerted
forces and moments, it is necessary and sufficient that
all kernel vector components (n;,i=1,...,4) have the
same sign. That is, for a given point to lie within the
statics workspace, all ;>0 OR all ;<0 (i=1,...,4). If
one of these two conditions is satisfied, regardless of
the particular solution, we can find a scalar « in (6)
which guarantees that all cable tensions T are positive
by adding (or subtracting) enough homogeneous so-
lution. Note a strict inequality is required; if one or
more ;= 0, the CDDR configuration in question does
not lie within the statics workspace. This method is
simple but powerful since we need not consider spe-
cific wrenches: it works for all possible wrenches. It
should also be noted that while we demonstrate this
method for the planar four-cable CDDR, it is appli-
cable to any planar and spatial CDDR with one de-
gree of actuation redundancy.

A symbolic expression for the kernel vector (null
space basis) of the four-cable CDDR (with ¢=0) is

co8( 0y — 03— 0,) —cos( 0, — 5+ 04) +sin( O, — 65+ 6,) —sin( O, + 03— 6,)
cos( 61+ 03— 04)—cos(0;— 03— 0,) +sin( 0+ 03— 0,) —sin( 0, — O3+ 0,)
cos( 01— 0,— 6,) —cos(0;+ 6,— 04) +sin( 0, — 6, — 6,) +sin( 6, — 0, + 6,)
cos( 61+ 0,— 03)—cos( 01— 0,+ 63) —sin( 0, — 0, — 63) —sin( 0, — O, + 653)

@)



112 « Journal of Robotic Systems—2003

Now, the allowable cable angle ranges are 0<6,
<90°, 90°< 0,<180°, 180°< §3<270°, and 270° <6,
<360°. For these allowable angle ranges, by careful
consideration of sums/differences of the three dis-
tinct angle combinations in each row of (7) we have
proven (not shown for lack of space) that the sign of
ALL n; components is always the same, i=1,... 4.
Therefore, the entire allowable kinematic workspace of the
base square is also the statics workspace! Now, when the
edge of the end-effector square is aligned with an
edge of the base square, two components 7;=0 and
thus the allowable statics workspace is the base
square, reduced by a /2 (half the end-effector side) on
the left and right and increased by a /2 on the top and
bottom (with regard to Figure 1). This edge singular-
ity condition was discussed earlier in Section 2.1. At
all points outside of the base square, all components
of the kernel vector N do not have the same sign so
outside the useful region of the base square is also
outside of the statics workspace. This statics work-
space discussion holds only for ¢=0, the nominal
case of the planar translational CDDR. In previous
work, it was discovered that the statics workspace is
extremely limited when considering general ¢
rotations.®

For real-time pseudostatic control of a planar
CDDR with one degree of actuation redundancy, the
cable tensions for control are calculated by (6) and (7),
choosing a so that one component of T is zero (or, a
small positive tension value) and the remaining terms
are positive.

Since the pseudostatic condition is a limiting sub-
set of the general dynamics case, especially for high
velocities and accelerations, we now move on to dy-
namics modeling.

4. CDDR DYNAMICS MODELING

This section presents dynamics modeling for planar
CDDRs. The four-cable planar translational CDDR is
shown in Figure 1. Dynamics modeling is required
for improved control (compared to using kinematics
and statics modeling only) when CDDRs are to pro-
vide high velocities and accelerations in translational
motion. Dynamics modeling is concerned with relat-
ing the Cartesian translational motion of the moving
CDDR end-effector to the required active joint
torques. Due to the cable actuation, CDDR dynamics
modeling is not very similar to in-parallel-actuated
robot dynamics modeling (e.g., refs. 12 and 13). An-
other complicating factor is that the joint space is
overconstrained with respect to the Cartesian space

due to redundant actuation. Also, though we are pre-
senting a translational CDDR, we include the rota-
tional motion in the dynamics equations so we
can evaluate how effective our ¢=0 control is in
simulation.

For the dynamics model derived in this section
we assume that the CDDR cables are massless and
perfectly stiff so we do not consider their inertias or
spring stiffnesses. We further ignore the Coulomb
friction and instead model linear viscous friction to
account for the frictional losses. Despite these simpli-
fications, the resulting model is coupled and nonlin-
ear. We now present the Cartesian, actuator, and over-
all system dynamics models.

4.1. Cartesian Dynamics Model

The 3-dof Cartesian dynamic model for the planar
CDDR end-effector is given by MX=Wy:

m 0 Of(x Fr,
0 m O|{¥,=1Fgryy, (8)
0 0 IJl¢ Mg,

where M is the Cartesian inertia matrix ( is the end-
effector mass and [ is the end-effector mass moment
of inertia about the z axis through the center of mass),

X={x ij ¢}" is the end-effector acceleration (accelera-
tion of the {H} frame with respect to the inertial
frame {0}, expressed in {0} coordinates), and Wy
={Fry Fgry M rz1! is the force and moment (about the
center of mass) resultant of all n cable tensions acting
on the end-effector; Fr={Fg, PRy}TI - E?zltif_.i and
Mg =Mp.k=={; (3 Rh) Xt

4.,2. Actuator Dynamics Model

We also take into consideration the dynamic behavior
of the lumped motor shaft/cable pulley; the free-
body diagram for the ith motor shaft/cable pulley
subsystem is shown in Figure 3.

The combined motor shaft/cable pulley dynam-
ics equations are expressed by the relationship:

IB+CB=7—-1T, )
where
J1 0 €1 0
J= and C=
0 ]n 0 Cn
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Figure 3. Free-body diagram for the ith pulley/shaft.

are diagonal matrices with rotational inertia and ro-
tational viscous damping coefficients on the diago-
nal, all cable pulley radii (7; in Figure 3) are identical
(r;=r; i=1,..,n), 7eR" is the vector of torques ex-
erted by the motors, Te R" is the vector of cable ten-
sions t;, and BeR" is the vector of pulley angles.
Since the cables can only exert positive tensions (they
cannot push), to express the cable tensions as a func-
tion of the motor torques and angular motion from (9)
we obtain

1
T=pos(;<f—m— cm), (10)

where the symbol pos( ) means we take the value of
each vector component that is positive and we set to
zero those components that were originally negative.
Let us suppose that the torque on each motor is large

113

enough to make all cables remain in tension at all
times. Under this assumption

1
T=—(m=]B-CP). (11)

4.3. System Dynamics Model

We now derive the overall system dynamics model
by combining the Cartesian and actuator dynamics
equations of motion. The statics relationship Wy
=ST between forces on the end-effector and cable
tensions was derived in Section 3.1, where the 3Xn
(n=4) statics Jacobian matrix S is given in (4). How-
ever, as mentioned in Section 3.1, here we cannot
apply the pseudostatic assumption that ¢=0 for all
motion and hence the third row of (4) must be re-
placed with the terms c6;(h;,s¢+h;,ch)—s0;(hi.cd
- hiys ¢;i=1,...,4), one for each column of the statics
Jacobian matrix.

We now need an inverse kinematics mapping re-
lating the pulley angles B; (i=1,...,n) expressed as
functions of the end-effector position and orientation
X={x y ¢}". Let us define all §; to be zero when the
end-effector centroid is located at the origin of frame
{0}, with zero orientation (¢=0). From this configura-
tion, a right-handed positive angle 8; on one pulley
will cause a negative change AL; in cable length i:
Bir=—AL;. The change in cable length i is AL;=L;
—Ly; where L; is the general length for cable i from
the inverse pose solution and L; is the initial length
for cable i:

L= \/(x_Aix+hixc¢_hiys¢)2+(y_Aiy+hixS¢+hin¢)2r Loi= \/(hix_Aix)2+(hiy_Aiy)2

B1(X) Loi—Ly
p=1 t 1=-i (13)
ﬁn(x) LOn_Ln
Successive time derivatives of (13) yield
. dB.
B= X
. d[dp\. IB..
ﬁ—E<5)X+ KX’ (14)

(12)

where 98/ JX may easily be derived; it is a function of
the Cartesian pose kinematics terms. By substituting
(14) into (11) we obtain

1 d [dB) .
?(T‘J(a(ﬁ—x)”

Finally, by combining (8), Wr=ST, and (15), we ob-
tain the overall dynamics equations of motion, ex-
pressed in a standard Cartesian form for robotic
sys’tems:15

B B

d

M,,(X)X+N(X,X)=S(X)7, (16a)
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where the equivalent inertia matrix M,,(X) and non-
linear terms N(X,X) are

ip
M,y (X)=rM+S(X)J -, (16b)
. d(a B\ .
N(X,X)zS(X)(]E(£ +C£)x. (16¢)

Note the statics Jacobian matrix S=S(X) from (4) is a
function of Cartesian pose X={x y ¢}’ through the
cable angles

g:tan—l y_Aiy+hixS¢+hin¢
! x—Ajthicp—hise

(see Figure 1).

5. CDDR CONTROLS SIMULATION

This section presents our CDDR control architecture
and control law development, followed by the
method for resolving the actuation redundancy, in-
cluding an algorithm for on-line estimation of mini-
mum actuator torques in order to maintain cable ten-
sion despite CDDR dynamics.

5.1. Control Law and Architecture

This subsection presents our control architecture and
control law development for planar CDDRs based on
the overall system Cartesian dynamics equations of
motion (16a). The input to the plant is the vector of
actuator torques 7. Each component of 7 has to be
positive or zero at the minimum (in practice, a small
positive value). In order to facilitate this problem, let
us introduce a virtual generalized Cartesian wrench
input Wy (units N, N, Nm):

Wy=S(X)7. 17)

Since the statics Jacobian matrix S(X) has dimension
3Xmn, this virtual generalized wrench input Wy, has
the dimension of the Cartesian space, 3 in this article
(though we are presenting a planar translational
CDDR we also need to attempt to control ¢=0 for all
motion). The components of W, are not restricted to
be positive. If we can develop a control law for the
virtual Cartesian wrench input Wy, it is always pos-
sible to find a real controls torque input vector 7with
all positive components that satisfies (17), if the

CDDR pose is within the statics workspace. In Section
3.2 we found that the base square is the statics work-
space for our planar translational CDDR, reduced by
half the end-effector side, a/2, on the left and right
and increased by a /2 on the top and bottom (see Fig-
ure 1). Therefore, for control law development, we
can consider the new dynamics equation:

M,,(X)X+N(X,X)=Wy. (18)

We cancel the effects of the nonlinear dynamics
terms N(X,X) and account for the inertial terms by us-
ing the well-known comsputed—torque (or feedback
linearization) technique.'” We then implement a Car-
tesian PD controller to reduce the tracking error e
=X — X. The commanded (reference) Cartesian pose
is Xg={xg yg #r=0}". The computed-torque control
law for the virtual Cartesian wrench input Wy, is

WVZMEq(XR)(XR+KPe+ KDé)+N(XR /XR)' ( )
19

Note we use the reference Cartesian values Xy in
(19). Alternatively, we could use the actual feedback
values from actuator encoder sensors and forward
pose kinematics. Due to this uncertainty, plus sensor
noise problems, plus the problem of digitally twice
differentiating the sensor feedback X, we choose Xy
instead.

The controller architecture (shown in the block
diagram of Figure 4) is made up of three different
parts: the Cartesian PD controller, the computed-
torque terms, and the virtual-Cartesian-wrench-
input-to-real-actuator-torque calculation, with dy-
namic minimum torque estimation to ensure cable
tension is maintained at all times despite the CDDR
dynamics. In this article the PD controller gains are
determined via pole placement for the resulting ef-
fective unit inertia plant, specifying desired settling
time and percent overshoot for a unit step input. The
matrix gains Kp, Kp are 3X3 diagonal matrices,
which means that the PD control is accomplished in-
dependently for the x, i, and ¢ motions, even though
the dynamics model is coupled. We specify the same
settling time and percent overshoot for all Cartesian
motions (see Section 6). The inertial terms M, (Xg)Xg
are composed of the overall pose-dependent Carte-
sian inertia matrix M,,(Xg) (16b) and the reference
Cartesian acceleration components Xy ; the nonlinear
terms are N(Xg,Xg), given in (16c). The virtual-to-
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Figure 4. Controller architecture for planar CDDRs.

real calculation has the problem to invert nonsquare
matrix S(X), such that only positive actuator torques
result given the virtual Cartesian wrench input Wy, .
This problem is solved in Section 3.2 for CDDRs as-
suming the pseudostatic condition; this is adapted in
Section 5.2 for CDDR dynamics.

We do not generally have access directly to Car-
tesian pose X feedback via sensors. Instead, we must
calculate this feedback using the encoder feedback
for each cable pulley angle B; to determine the cable
lengths L;; these lengths are then used as the inputs
to the forward pose kinematics solution to calculate
Cartesian pose X for feedback in the control architec-
ture. This feedback scheme will work well only if suf-
ficient tension is maintained on all cables at all times.

5.2. Calculation of Optimal Actuator Torques

This subsection presents a method for determining
the optimal actuator torques for the controller archi-
tecture of Figure 4. This subsection presents the
“Virtual-to-Real Calculation” block of Figure 4. Also
presented is an algorithm for on-line estimation of
minimum actuator torques required to maintain posi-
tive cable tensions despite the CDDR dynamics; this
is the “Min. Torque Estimation” block in Figure 4.
The Jacobian matrix relationship between
torques and virtual generalized Cartesian wrenches
is underconstrained for CDDRs, given by (17), Wy,
=S(X) 7. For control we need to calculate the real ac-
tuator torques 7 given the virtual Cartesian control
wrenches Wy, . For actuation redundancy of degree
one, we can adapt the pseudostatics solution of Sec-
tion 3.2 (to this method we must add the on-line, dy-
namic minimum torque estimation algorithm, devel-
oped below in the current subsection). The difference
from (6) is that we can no longer make the pseudo-
statics assumption 7;=rt; (7; is the ith actuator
torque, r is the cable pulley radius, and ¢; is the ith
cable tension). Due to dynamics this assumption no

longer holds; we must calculate the required actuator
torques for control while attempting to maintain
positive cable tensions dynamically. The solution of
the underconstrained system Wy = S(X)7is similar to
(6), given in (20):

Tp1 nq 1
Tpo ny 1

Topt™ os +a 1 > Toin 1 (20)
Tp4 Ny 1

The particular solution S*Wy, is the first term in (20)
and the homogeneous solution is expressed as the
kernel vector of S (N={n; n, nz n,}") multiplied by
arbitrary scalar a. The goal of torque calculation con-
sists in finding an optimal solution 7, with the fol-
lowing features: (1) We start with the particular so-
lution wherein the Euclidean norm of 7is minimized.
(2) We use the homogeneous solution to ensure that
each component of 7., must be greater than or equal
to a specified minimum torque 7,;,. We must calcu-
late @ at each control cycle to ensure, in the worst
component case, that this minimum positive torque is
satisfied for all four actuators. This is an easy calcu-
lation for actuation redundancy of degree one; at each
control cycle it is not necessarily the most negative
particular torque component that dominates, but the
combination of particular torque and kernel vector
component that determines the dominant «. For each
particular torque component that is negative, calcu-
late a;=(7mn—7p;)/n;; then select the largest mag-
nitude of these to be the a at each control cycle. Fur-
ther, & must be positive if all n; are positive and «
must be negative if all 7; are negative. This single «
value of course must be then used for all four com-
ponents in (20). Since the entire useful CDDR work-
space is equal to the statics workspace, this « can al-
ways be found for all possible motions (i.e., the signs
of n; are always the same for all four components).
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If we do not consider dynamic effects, the tension
in each cable turns out to be greater than r 7,,,;, . Under
this pseudostatic condition, if 7, is set sufficiently
high, the cables will never go slack. Unfortunately,
when high speed is employed, because of dynamic
effects, one or more cables can become slack despite
a positive 7, In this dynamic case the minimum
value for 7.;, must be estimated on-line for each
cable in real-time. The on-line cable tension estima-
tion algorithm comes from forcing each tension com-
ponent to be positive at all times in the dynamics
model (15):

1
P

d i\, B, B
{T}iZ[ T_J<E(W)X+0_XX>_C(9_XX>LBOI
i=1,..,n. (1)

The estimated minimum torque solution for each ac-
tuator from (21) to maintain cable tension based on
CDDR dynamics is

d (B
Tmin:max| (J(E(K

i=1,...n. (22)

. dB.. B .
X+ ﬂX) +CKX] 1./0}

The reason for the max function in (22) is that when
CDDR dynamics are taken into account, the mini-
mum torque required to ensure the corresponding
cable is in tension could be negative for one or more
components. In (22) we force all torque components
to be zero at the minimum. In practice and in the ex-
amples of the next section, we choose instead a small
positive value.

6. EXAMPLES

This section presents dynamics and control examples
for the planar four-cable translational CDDR with
one degree of actuation redundancy. These examples
are intended to demonstrate the CDDR control archi-
tecture including feedback linearization and on-line
dynamic torque estimation to maintain positive cable
tensions despite the dynamics, plus optimal torque
calculation for a CDDR with one degree of actuation
redundancy. In this section, a given planar four-cable
CDDR performs a simulated task twice, the first time
without and the second time with the on-line mini-
mum torque estimation algorithm.

Figure 5. Planar four-cable translational CDDR example
task.

The planar translational four-cable CDDR model
is shown in Figure 1. The following parameters are
taken from a hardware system we have designed for
future experimental work. The base square has side
Lp=0.70m and the end-effector square has side a
=0.10m. The simulated dynamic task is for the
CDDR end-effector point X={x y}" to trace a circle in
the plane, while attempting to maintain ¢=0 for all
motion. The circle is centered at the base square cen-
troid (the origin of {0}) and the circle radius is r
=0.15 m. Figure 5 shows the simulated task to scale
for the four-cable CDDR at the starting (and ending)
point.

In the simulated example the four-cable CDDR is
commanded to trace the given circle in 1 s (zero ex-
ternal Cartesian wrench is specified). We define polar
angle vy as the independent parameter for the circle; it
is measured using the right-hand from the right hori-
zontal to the circle radius; vy is shown at 0 (and 360°)
in Figure 5. For “smooth” motion starting and ending
at rest, we adopt trajectory generation techniques
from ref. 16. We require that angle y starts at zero
and ends at 360° during the 1 s motion; also, we re-
quire that y=%=0 at the start and end of motion,
for “smoothness.” These conditions yield a fifth
order polynomial for angle y: y(t)=2160t°—5400t*
+3600f> (deg). The associated commanded (refer-

ence) Cartesian pose Xg, velocity Xy, and accelera-
tion Xy for use in the controller architecture are easy
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Figure 6. (a) Minimum actuator torques. (b) Simulated actuator torques. (c) Simulated cable tensions.

to determine. The commanded Cartesian angular val-
ues are ¢= = =0 for all motion since we are pre-
senting a translational CDDR only.

The parameters for the dynamics equations of
motion (16a) for the four-cable CDDR are (again,
from our hardware design) point mass m=0.91 kg;
end-effector mass moment of inertia 0.00150 kgmz;
rotational shaft/pulley inertias J;=0.00026 kgm? (for
all i=1,...,4); shaft rotational viscous damping coef-
ficients ¢;=0.01 Nms (for all i=1,...,4); and r,=r
=3.81 cm (for all i=1,...,4).

The Cartesian PD controller is found by standard
pole placement techniques, specifying a 0.2 s settling
time and 5% percent overshoot (the feedback linear-
ization approach makes the plant appear linear, as
unit inertias in the x, v, and ¢ directions; units kg, kg,

and kgm?, respectively). We design for Cartesian x, ,
and ¢ directions independently, with the same set-
tling time and percent overshoot specifications. Gain
Kp is a 3X3 diagonal matrix with equal gains of Kp
=839.9 on the diagonal, and gain Kp is a 3X3 diag-
onal matrix with equal gains of Kp=40 on the
diagonal.

A Matlab Simulink simulation based on the con-
troller architecture of Figure 4 and the methods of this
article was developed to produce the results given in
this section. Two control simulations of the dynamics
model are presented in this section for the four-cable
CDDR, first without and then with the on-line mini-
mum torque estimation algorithm of Figure 4.

Figures 6(a)-(c) show the minimum actuator
torques, simulated actuator torques, and simulated
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Figure 7.

cable tensions, respectively, for the circle task, without
the on-line minimum torque estimation algorithm.
As shown in Figure 6(a), for the simulation with-

out the on-line minimum torque estimation algo-
rithm, the minimum torques are constant and iden-
tical for all four actuators, taking a user-specified
value of 0.05 Nm in this example. The control torques,
calculated by the optimal method in the virtual to real
calculation block of Figure 4, but without the mini-
mum torque estimation algorithm, are shown in Fig-
ure 6(b). Actuator torques 1 and 4 peak near the cen-
ter of motion time, due to the maximum velocity
occurring at this point; torque 3 peaks twice, nearer
the start and end of motion. During motion all four

(a) Minimum actuator torques. (b) Simulated actuator torques. (c) Simulated cable tensions.

torques at different times yield negative values in the
virtual to real calculation, but these are limited to a
small positive value, the constant specified minimum
torque of 0.05 Nm, using the actuation redundancy.
The associated simulated cable tensions resulting
from the simulated motion considering the dynamics
model are shown in Figure 6(c). Without considering
the dynamic minimum torque estimation block of
Figure 4, cable tensions 1 and 3 become negative and
thus slack at different times during the simulated mo-
tion. Clearly this is unacceptable as control would be
lost in these ranges of motion and large Cartesian
errors result. Thus, the constant minimum actuator
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torque specification is suitable only for pseudostatic
motions, not for dynamic motions with high veloci-
ties and accelerations.

Figures 7(a)-(c) show the minimum actuator
torques, simulated actuator torques, and simulated
cable tensions, respectively, for the simulated circle
task, with the on-line minimum torque estimation al-
gorithm. As shown in Figure 7(a), for the simulation
with the on-line minimum torque estimation algo-
rithm, the minimum torques are no longer constant,
but vary (greater than the minimum positive torque)
so that no cable tensions will go negative in the dy-
namics model. The control torques, obtained by in-
cluding the on-line minimum torque estimation algo-
rithm in the virtual to real calculation, are shown in
Figure 7(b). Again, during motion all four torques
yield negative values but these are limited to the
minimum torque of 0.05 Nm in these ranges, using
the actuation redundancy. Though Figures 6(a) and
7(a) are quite different (minimum torques without
and with the minimum torque estimation), the result-
ing control torques of Figures 6(b) and 7(b) are simi-
lar, though not identical. The simulated cable ten-
sions considering the dynamics model are shown in
Figure 7(c). By including the on-line, dynamic mini-
mum tension estimation block, each cable tension
never becomes negative and thus control is main-
tained at all times. In Figure 7(c) we allow zero cable
tension as a minimum; in practice a small positive
value should be used instead. Figures 6(c) and 7(c) are
very similar in shape and magnitude; however, Fig-
ure 7(c) is a big improvement over Figure 6(c), where
two cable tensions were negative for two portions of
the motion. Thus, we must include the on-line mini-
mum tension estimation algorithm for dynamic
motions.

For the latter example only (i.e., including the on-
line minimum tension estimation algorithm), Figure
8 shows the simulated ¢ tracking error. Since the
4-dof CDDR is used for translations only, we wish to
maintain ¢=0 for all motion. Again, this is done to
avoid the cable interference and limited statics work-
space problems inherent in CDDRs with large rota-
tional motions. In the simulation, the error remains
very low, less than 4.6X10™° deg. The error appears
to be increasing with time, but with such a low mag-
nitude, we will accept this error until we can perform
experimental validation in the future.

7. CONCLUSION

This article studies a planar translational in-parallel-
over-actuated cable-direct-driven robot (CDDR). The

-8
10 . . . T

-8 L L L L

0 0.2 0.4 0.6 0.8 1
t (sec)

Figure 8. Simulated ¢ tracking error.

motivation behind this work is to improve the serious
cable interference and negative cable tensions pos-
sible with existing CDDRs that guide both transla-
tional and rotational freedoms. Only the translational
portion is considered in this article. Kinematics and
statics modeling is presented, followed by a discus-
sion of the statics workspace (the space wherein all
possible Cartesian forces and moments may be ex-
erted with only positive cable tensions). Dynamics
modeling and control simulation with feedback lin-
earization for the planar translational 4-dof CDDR
with one degree of actuation redundancy were then
presented. Examples were given to compare this pla-
nar CDDR in the same task, without and with an on-
line dynamic minimum torque estimation algorithm.

It was found that the on-line dynamic minimum
torque estimation algorithm we introduced was re-
quired for dynamic CDDR motions with high veloci-
ties and accelerations. Otherwise, the simulation re-
vealed that some cables become slack during motion
and thus control is lost. The computed-torque, or
feedback linearization technique, performed per-
fectly in simulation, i.e., when we assume we know
the dynamic model perfectly, the inertial effects and
nonlinear dynamics terms are cancelled perfectly.
Therefore, in the future we will focus on implement-
ing robust control techniques to preserve good error
tracking despite modeling uncertainties, using our
experimental hardware.

Our future work plans also include dynamic
stiffness modeling, more complete dynamics model-
ing (cable inertia and stiffness, plus Coulomb friction,
among others), hardware implementation, and ex-
perimental validation of our results.
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