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Abstract

The aim of this paper is to present concepts for

the motion control of redundant manipulators in

a changing environment . In order to be able to

avoid collisions with unexpected and moving ob-

stacles, an intelligent control concept is required

which combines the off-line planned paths with

on-line sensor information . Solutions for the com-

bined collision free motion control of the redun-

dant degrees of freedom (d.o.f.), and the degrees

of freedom of the Tool Center Point (TCP) are

presented . The redundant d.o.f. are influenced by

nonlinear potential forces, which can be easy in-

troduced into concepts for the inverse kinematics.

Motion control (position and orientation) of the

TCP is implemented with an artificial elastic band

in the workspace of the TCP, which enables it to

react to modifications in the environment.

Keywords : Motion Control, Redundancy, Large-

Scale Manipulators

1 Introduction

Manipulation tasks such as repairing and inspect-

ing bridges or high voltage transmission lines,

cleaning the outsides of buildings (Fig. 1 ), or shift-

ing piping require extreme mechanical properties,

as well as complex motion control of the system.

Redundant large scale manipulators fulfil these

requirements, but the traditional motion control

concepts are not sufficient. The control concepts

investigated in this paper are applied to the redun-

dant large scale manipulator [Wanner 1996] shown

in Fig. 2. It is a combination of a six d.o.f. macro-

manipulator for large scale motions and a six d.o.f.

micro-manipulator for small scale motions (e.g.

of a gripper or a brush). The macro-manipulator

consists of five arm elements which are connected

by parallel revolute joints, fixed to a base that

rotates about a vertical axis. Since it is driven

by hydraulic actuators acting over transmission

linkage mechanisms, closed kinematic loops occur.

The micro-manipulator however has the form of

an open kinematic chain. All closed loops can be

solved explicitly, and the vector of generalized co-

ordinates can be denoted as:

q = [S1,... ,56 , a1, ... ,^36] , (1)

where 131 describes the rotation about the verti-

cal axis and s1 - 85 are the displacements of the

hydraulic actuators. To orientate the brush in the

three dimensional workspace the angles of rota-

tion .132 to Q; are used. Furthermore a linear ac-

tuator used for small displacements of the micro-

manipulator is represented by s6. The angle i6

describes the rotation of the brush.

Figure 1: Manipulation Task

Thus, regarding end-effector position and orienta-

tion, six redundant degrees of freedom exist. The

position and orientation parameters are represen-

ted by the vector wt0 E R.', with n = 6. The rela-

tionship between the end-effector coordinates and

the generalized coordinates q E IRf, , with f = 12,

is:

T T
^tcPlq^ - wtcp = [wtcP , Poa+wteP,nr ent] (2)
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2.1 Controlled Motion in Nullspace

01

+06

brush

Figure 2 : Macro-/Micro-manipulator

The model of the environment consists of obsta-

cles that are created of primitive components (e. g.

spheres, cylinders, right parallelepipeds or planes),

which are combined in the three dimensional

workspace to form complex obstacles. In this man-

ner complex environments with buildings, trees

and even overhead power lines can be constructed

[Schneider et al. 1995]. With proximity sensors in-

stalled on the boom of the manipulator the vec-

tor representing the shortest distance between a

sensor and an obstacle can be determined. This

vector becomes important for collision avoidance,

as is discussed in sections 2.1 and 3.1.

An important property of redundant systems is

given by their motion in the nullspace of TCP-

niotion. It enables to a reconfiguration of the

boom, where the position and orientation of the

TCP is not. changed. This additional mobility is

used for the consideration of natural constraints

of the manipulator (e. g. joint limitations, max.

and min. velocities, etc.) The matrix P and the

vector p of (Eq. 3) are determined based on the

physical restrictions of the system as discussed in

Schneider and Hiller [1995].

For the collision avoidance of obstacles in the envi-

ronment nr, proximity sensors give the correspond-

ing distance vectors di (di = 1Idill, n; = .
II II

A penetration depth do is defined to protect each

obstacle. Based on a nonlinear potential function

[Khatib 1986] a repulsive force pe.,t can be calcu-

lated, which is added to the vector p of (Eq. 3).

i=0

Ki (d. - -) 1 ; di < do

0 ; di > (10

3 Motion Control of the Tool Cen-
ter Point

2 Motion Control of the Redundant
Degrees of Freedom

Redundant systems are characterized by a degree

of high mobility, which can be used for additional

conditions. At first the problem of the inverse kine-

matics of redundant systems has to be solved with

the method of Resolved Motion Control [Whitney

1969]. An appropriate linear system of equations

for the inverse kinematics can be formulated as

[Woernle 1993]:

P
Jtcp

JT0P1[A 1 I Wtcr PJtcp w]

In general, the operator should be able to spec-

ify TCP motion using a control device such as a

joystick, but in some cases exact positioning and

avoiding collisions between the TCP and obsta-

cles would be too difficult for the operator. In

these situations the TCP-path is calculated off-

line, taking into consideration global geometric

information of the environment. Therefore an ar-

tifical elastic band [Khatib and Quinlan 1993] is

included in the inverse kinematics (Eq. 3) of the

controller to avoid collisions of the TCP. In the

first step, the discrete data which are supplied by

the global path planner have to be smoothed with

splines. In the second step a time parameterization

is necessary, taking into account the natural con-

straints of the manipulator e.g. maximum rates of

velocity and acceleration.

(3)

with the weighting matrix P E 1R.f "f , the weight-

ing vector p E lRf, the LAGRANGE-multipliers A

and the terms Jt,n = 2 &q ° and Jt,1 = t Jtcp.
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3.1 The Principle of the Elastic
Band

The construction of such all elastic band is

based on three dimensional end-effector positions

(nodes ) which are calculated with a global path

planner . The interaction between a node and its

neighbors is implemented on a force level, To

model the contraction of the elastic band inter-

nal contraction forces are introduced , which are

based on potential spring forces . The correspond-

ing spring potential, with spring constant cent, of

the whole band can he written:

,n-1

Pint (rl , ... : rTn ) := dint l17•i-F1 -- rill , (5)

where ri, i = 1, ... , in represents the vector from

the inertia frame, ICI, to the nodes, i (Fig. 3).

Derivation of the spring potential with respect

to ri yields the spring forces, f int, i, at each node is

ri - ri-1 ri-I-1 - 7•i
f'47Lt,'i = -Cint

IITi /'i-1 (I + IIri+1 -rill (6)-

The inertial force f int, i guarantees that the ten-

Figure 3: Internal potential forces

Figure 4: External potential forces

sion in the band when it is in equilibrium is equal

everywhere. The elastic band should also react

to obstacles (Fig. 4). Therefore a repulsive non-

linear potential for the whole band is formulated

(d3 = rj -'I'obst):

Pext(rl.... ,rTI)

- 1E cezt (do - fldj^I)2 ; dj< do (7)
j=11 { 0 otherwise

The external potential force is calculated as the

negative gradient of the potential

Text, i =

dj
cent (do - lldjHH) ldjll

0

P"xt:

; lld1HH < do (8)

; otherwise

The resulting force acting at a node i is the sum

of the internal and the external forces:

ftotal, i = feat, i + f int, i ; i = 1, ... , m (9)

The new position of the node i can be calculated

with a simple equation:

new , old
712 = ri + (Xf totaf,i + 2 = 1,

where a E R is a constant.

,777 , (10)

3.2 Trajectory of the Tool Center
Point - Position

In this section Bezier splines [Bezier 1972 ] are used

to generate continuous , time parameterized, tra-

jectories r(t) from the discrete nodes ri on the

elastic band . The advantage of the Bezier splines

is that adding new nodes only results in a local

change of the curve in space. A cubic Bezier spline

is represented by piecewise cubic parabolic curves,

which are smoothly interconnected up to the or-

der of the second differential . With rn nodes, 7n -I

curve segments sk have to be used.

Sk(v) = ( -1)k+j (3^(k 1 v
Z Iti; k - j

=0 k=j

bo,k; j=0
i-1

aj,k =
bj,k - l,k; j 0

i=0

k = 1 ,...,m, -1 ; vE[0,1]

j.k; (11)

(12)

After some simplifications the segment Sk can be

represented by the following equation:

sk(V) = bo,k(1 - v)3 +3bt,k(1 - v)2v (13)

+ 3b2,k(1 - v)v2 + b3,kv3; v E [0, 1]
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The Bezier poles bj,k are calculated from the con-

straint equations such that the interconnections

are continuous. For special manipulation tasks the

operator may select an approximating or an inter-

polating spline. The function

v(p) := p(m. - 1) - int(p(m - 1)) (14)

is used as the transformation from local to

global coordinates, with p E [0, 1]. This leads

to the global Bezier spline r"(p) = si(v(p)),

m 1 < p < L rl , i = 1, ... , m - 1. In the sec-

ond step the time parameterization function p(t)

has to he calculated, while considering the natural

constraints. With a given start time to and finish

time tE and to < tr, the function has to fulfil the

following conditions:

AN) = 0; p(tE) = 1; p•(t) monotone. (15)

The trajectory of the TCP in space is given as:

wtCp,pos (t) := r(p•(t)) ; t E [to, tE] (16)

The expressions for the velocity and acceleration

are:

d
tw:cp ,po5(t) _ (rn 1)

08 pi

av at (17)

d2

dt2
wtcp ,pus(t) avi

C(n21 ) at 2(1s)

asi a 11
+ av(rn-1)at2,

3.3 Trajectory of the Tool Center
Point - Orientation

In general rotary motion is described with rotation

parameters. Here, a method for geodetic interpola-

tion is used. Each finite rotation between an initial

and final orientation is traceable to a rotation of

an angle 3 around an fixed axis u. Such a rota-

tional motion can be described with the rotation

tensor:

T(u„ 3) = cos ,3I +sin.3u

+(1-cos ,3)uaU,
(19)

with the skew symmetric matrix u and the dyadic

product u o u. The initial and final orientation of

the whole trajectory are represented with trans-

formation matrices 'T0 and ITE. The relative ro-

tation matrix °TI; fulfils the equation:

°TE _ (ITO)T ITE _

el,x e2,x e3,x

el,y e2,y e3,, . (20)

el,, e2,z e3,z

The angular difference, ,3, between both rota-

tions can be calculated as:

el,x + e2,y + C3,z
cos(.'_I/J) = (21)

The components of the direction vector of the

skew axis is calculated as follows. If AO = 0 then

no rotation has to be applied and the skew tensor

is equal to the identity tensor, but if sin(:,)) 0 0:

ux =
e2.z - e3,9

2 sin (A3)
e - e.

e3,x - el,z

uy 2 sin (A,3) ' (
22 )

l,y --,x
7Lz = (23)

2 sin(,,))

If 00 = fir the rotation axis is described by:

er,x + 1 E2, y

2

+ 1
uy =- ^1 n fly = ^1 (24)

uz =
2

(25)

The time dependent transformation matrix of the

TCP with respect to the inertia frame can be cal-

culated with the time parameterization p.(t) given

in Eq. (15):

ITt,p(t) = ' oT(u, /3(0) with (26)

li(t) 13(p(t)) = A,3p(t)

The rotation vector wtep ,rot cart be calculated

from ITt,p using a special set of rotation parame-

ters (e. g. Euler angles). For the angular velocities

and angular accelerations yields:

IWtcp = u, /3p(t), Wt,,, = u-A,3p(t) (27)

4 Collision Avoidance in a Varying
Environment

The concepts for collision avoidance in section 2.1

and 3.1 are developed at first for static obstacles

(e. g. buildings , trees and high voltage transmis-

sion lines ). But this concept is also suitable for en-

vironments with dynamic obstacles (e. g. all other

manipulator in the workspace ). In this cases just

the parameters of the potential forces have to be

modified to react faster to moving obstacles. The

penetration depth do of the potential forces has to

be increased . This concept is called sensor based

collision avoidance.

An alternative can be given by a manual user con-
trolled collision avoidance. This concept is used

I
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in situations , where sensor systems have failed

Therefore a three dimensional simulation model

of the manipulator is interconnected with the real

system via a client server principle . The update of

both systems has to he realized in real time.

Figure 5: Manual Collision Avoidance

5 Simulation Results

Fig. 6 shows the planned trajectory of the TCP,

the moved and additional obstacles, and the shape

of the elastic band in the x-y plane. The planned

path is given by the global path planner [Frik and

Markus 1998] in discrete coordinates. The path

represents the shortest path in the joint space

(configuration space). It can be seen that the

planned path of TCP collides with obstacle 2, if

no modification of the path is carried out. In the

meantime the obstacle 1 has moved to 1'. The elas-

tic band has to fulfil two important tasks. On the

one hand the path has to become smooth to avoid

artifical excited vibrations in the system. On the

other hand collision free motion has to be guaran-

teed. The elastic band represented in Fig. 6 fulfils

these requirements. In Fig. 7 unified motion con-

trol of the redundant d.o.f. and the elastic band

are represented. The intermediate configurations

(grey) between the initial and final configurations

show that collision avoidance of the boom is also

guaranteed. Fig. 8 shows the result of the geode-

tic orientation control of the TCP. It has to be

mentioned that the orientation trajectory in the

y [m]

6.0

4.0

-2.0

moved obstacle /

2.0

0.0

Elastic Band
new obstacle

8.0 10.0 12.0 14.0 16.0 x [111]

Figure 6: Elastic Band and Obstacles

three dimensional workspace represents the short-

est "distance" between the initial and final orien-

tations.

For all simulations the hierarchical control con-

cept of Schneider and Hiller [1996] is applied. An

overview of this concept is given in Fig. 9. In a

first step the motion control of the TCP gives the

nominal vector wtcp _ [WTI, ti p, 2.iiT p] . The out-

put of the PD-controller and the vector p of the

redundant d.o.f. control are used in the inverse

kinematics. The forces for the decentralized force

controller are calculated with the inverse dynam-

ics of the system. Finally the mechanical system

is driven by electro-hydraulic drives.

Figure 7: Motion control with collision avoidance

6 Conclusions

The concept for motion control of the TCP and

the redundant d.o.f. is an effective framework for

the use of path-planner information for collision-

free motion in a changing environment . Simula-
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motion control

of the TCP

Wtcp

PD

motion control

of the red, d.o.f. p

initial
pos./orient .

inverse

kinematics

mechanical

system

inverse

dynamic

electro-
hydraulic-

drive

decentralized

force controller

Figure 9: Hierarchical Control Concept

Figure 8 : Orientation of the TCP

tion results show that collisions with moved and

unexpected new obstacles are also avoidable. For

TCP motion control an elastic band is used, where

geodetic orientation is considered. Nevertheless

further dynamic effects of the system have to be

investigated.
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