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Abstract guide the tool center point along the directions of the tun-
nel wall with the space mouse.
In tunneling and mining construction work, heavy and In both operation modes the movement given in car-

large manipulators are used to spray liquid concrete on tesian coordinates has to be transformed in joint coordi-
the walls. These manipulators are usually operated manu- hates. The calculation of the redundant inverse kinematics
ally with simple units allowing to control all actuators and the control of the 8 hydraulic actuators is performed
independently. In cooperation between industry and uni- by the controller. The redundancies are solved either by
versity, a novel control system has been developed for the using static conditions or by applying the well known null-
redundant heavy manipulator Robojet® that supports the space method [2].

operator by calculating the inverse kinematic model and
controlling all actuators automatically. This paper pre-
sents the solution of the redundant inverse kinematics of
the Robojet using the null-space method and its implemen-
tation in a control system.

1. Introduction

The MEYCO Robojet® sc-30 shown in figure 1 is a
hydraulically actuated manipulator with application in
tunneling construction work. It is used to spray liquid con-
crete on the walls of new tunnels. The design of this heavy
and large manipulator with 8 degrees of freedom is ten
years old, and the manipulator is being used worldwide.

So far the manipulator has been operated manually with a Fig.1: MEYCO Robojet sc-30
simple control unit allowing to control the 8 actuators ) )
independently. Chapter 2 and 3 present the kinematic model of the

With this controller it is difficult to guide the jet ~ robot and its inverse solution. The following chapters

along the wall of the tunnel while optimizing the spraying describe its implementation in a simulation system and in
process and minimizing the losses of concrete. The opera- the controller of the real robot.

tor must practice a long time in order to master the task in
a satisfactory way.

We have developed a new control system that sup-
ports the operator in different ways. In one of the modes The manipulator is mounted on a vehicle that is not
the operator can guide the jet directly in world-coordi- moving during the spraying process. The location of the
nates, using a space mouse, i.e. a 6 dof joystick [1]. In an tool is therefore always described with reference to the
automatic mode it is possible to scan the profile of the tun- vehicle.
nel in a selected area using a laser scanner and to subse-  Figure 2 shows a sketch of the kinematics of the
quently automatically control the distance and orientation robot with its redundant degrees of freedom.
between the jet and the wall. The operator needs only to

2. Kinematics
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Fig.2: Kinematic model

The length of the manipulator when fully extended is
bigger than 10m, thus allowing to spray in tunnels with a
diameter of up to 25m without moving the vehicle.

All 9 joints are hydraulically actuated. Joint 9 is used
for a small circling motion of the jet for a better distribu-
tion of the sprayed concrete. It has no effect on the calcu-
lation of the kinematic model. The joint angles involved in
the calculation are though

q = [, Gy U3 Gy Gy Ay Gps g - 1)

The task requires the control of 5 dof of the jet, i.e.
the position of the tool center point and 2 angles for the
orientation. It is given by

x =[xy za,p] . )

The anglex describes the rotation about the x-axis of
the reference frame O leading to a new rotated framp O'.
represents the rotation about the y-axis of the rotated
frame O'. The calculation of the direct kinematic model
x=f(q) is straight forward using homogeneous transforma-
tion matrices. On the other hand calculating the inverse
kinematics is not obvious. To solve the redundancies 3
constraints are required and no closed-form solution
exists. A way to solve this problem is explained in the next
section.

3. Redundancy Resolution

Many methods have been presented in the literature
to solve this problem so far. In our case, two of them have
been implemented and compared. The first one just uses
some constraints for the position of the redundant axes.
The second one is based on differential kinematics and
uses the powerful null-space method.

3.1. Constraints on the position
As constraints for the redundant degrees of freedom,
we used the following 3 static conditions for the variables:

q5+§ =0 (3)
1+q

O4— 6 2 = 0 (4)

g = const (5)

The selection of these equations can be understood as
follows: In usual spraying tasks the position of the manip-
ulator remains close to that of figure 2. In this configura-
tion the axes 1 and 5, and 2 and 4 respectively, have a
similar orientation in space. This redundancy can be used
to increase the workspace of the manipulator using equa-
tions (3) and (4). The consumption of oil of the 3rd joint
during large translational motions is very high and can be
moved slowly only. To simplify the control it is kept con-
stant during the automated tasks (equation (5)). Its static
position is given manually before executing the task.

For five given pose coordinates in the operational
space and the three additional conditions, the angles of all
eight joints are fully determined and can be calculated.
Due to the complicated kinematic structure of the robot
there is however no closed-form solution for the inverse
kinematic model. The joint angles are thus calculated
numerically with the Newton-Raphson method.

If this method guarantees a large workspace, it
doesn’t allow hight dynamics of operation because the
velocity of the end-effector is limited by the slowest actua-
tor. The null-space method is then used to solve this prob-
lem and explained in the following section.

3.2. Null-space method

Resolution of redundancy using the null-space
method has already been presented many times in the liter-
ature. A good overview is given in [2] or [3]. It consists of
resolving the redundancy by using the pseudoinverse of
the Jacobian matrix of the manipulator for the movement
of its TCP and the null-space of the Jacobian for internal
movements. Ifx is the 5-dimensional velocity vector of



the TCP andq 4 the>5 dimensional vector of joint
angles and velocity respectively, then

x = Jq. (6)

To solve this equation with respectdo , it is neces-
sary to use its pseudoinverse, which yields the following
result:

q=3%+(1-3"9¢ (7)
with

7= aTean (8)

and where ¢ is an arbitrary joint velocity vector and

(I —J#J)ip is its projection into the null-space of . This
corresponds actually to an internal motion of the manipu-
lator which has no effect on the velocity of the end effec-
tor.

In order to optimize the motion of the manipulator
with respect to some constraints, a weighted pseudoin-

verse can be used instead of the pseudoinverse. Equation

(8) is then transformed to:

1.T _ -1
3= wlhewlah

9)
which corresponds to the minimization of the cost func-

tion ¢'Wq [5].

Both of these techniques have been combined and
applied to the Robojet so that optimization of the oil con-
sumption and resolution of the redundancy can be
achieved simultaneously. This is obtained by using the fol-
lowing equation:

g =3 x+(1-3")0 (10)
3.2.1. Selection of the weighting matrix

In the case of the hydraulic manipulator Robojet, the
objective is to minimize the oil consumption while mov-
ing. The oil consumption for each joint is proportional to
the velocity of the hydraulic cylinder, i.e.

Qi = w; g
Minimizing the oil consumption of the manipulator

can be obtained by minimizing the following cost func-
tion:

(11)

2 (12)

o(d) = ¥ |w &
or equivalently

g(a) = §' oW g, (13)

whereW = diag vxf wg, wg) is a diagonal matrix con-

taining the squares of the consumption coefficients of each
axis. The result of this optimization is actually given by
equation (9).

However, in selecting the coefficients of the weight-
ing matrix, we had to take into account that some joints
can move quickly to their limits while others don't have
enough oil to maintain the desired velocity. Thus, a fine
parameter tuning and optimization was needed on the real
manipulator. Our experiments have given the following
matrix:

W = diag37, 78 100 39 25 25 12)9 (14)

A particular problem occured for joint 3. Compared
to the other joints, the oil consumption of axis 3 is very
high and thus the pump can not always deliver the needed
amount of oil. This axis had to be weighted more than the
others.

3.2.2. Null-space motion
As explained before, the use of the null-space
method leads to internal motion of the manipulator with-

out affecting the velocity of its end effector. The veapor
can thus be used to perform a secondary task such as keep-
ing the axes of the manipulator as close as possible to the
middle of their workspace [4], avoiding obstacles [5] or
other kind of tasks. In our case, the secondary objective is
to keep some relations between the axes constant so as to
optimize dynamically the workspace of the manipulator.
The same static constraint equations as before ((3) and (4))
have been chosen for axes 1 and 2. Axis 3 on the other
hand is now constrained by the position of axis 6. The con-
straint equation is thus given by
O 93 _

3 185 (15)

Each of these constraints equations are used directly
in the null-space by setting:

ks * %1%
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The internal velocity of each axis is thus adjusted
until the constraints are satisfied. The coefficients '
k,i = 1...3 are used to tune the velocities of the internal i

motion.

4. Simulation

MOBILE, a simulation and 3D graphic animation
software package [7] running on a SiliconGraphics work-
station, is used to simulate the kinematics of the robot
links and display its motions within a virtual tunnel (figure
3). The motions can be generated either by programming Zontral umit Ethemiat
trajectories in a C++ program or online using a space
mouse to guide the jet in world coordinates.

This simulation has been used to test the null-space
algorithms before their implementation in the real applica-
tion and also for the first tuning of the weighting matrix W
and the parameteksfor the internal motion.
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Fig.4: Hardware setup

Fig.5: Control unit

Fig.3: MOBILE simulation . o
The robot is operated by a control unit (figure 5) that

As will be explained in the next section, the same allows to select different operating modes, to switch on the
space mouse is used for controlling the real robot. The 3D concrete pump, to start the measuring process and other
graphic animation can therefore also be used as a simula-functions. The chosen functions are confirmed by lighting
tor for training purposes in a virtual reality environment.  of the corresponding buttons. The digital signals from the

control unit are transfered to and from the VME-bus sys-
. tem via a second Interbus-S connection. Both the space

S. Implementat|on and Results mouse that is integrated in the control unit and the laser
In order to implement the new control system, the Scanner, that is mounted on the manipulator near the jet

manipulator had to be equipped with encoders to measure and is_needed to scan the tunnel profile for the automatic
the joint angles and with electrically controlled propor- ©Peration, are connected to the processor board of the
tional valves for the hydraulic actuators. The sensors and YME-bus system with a RS232 serial line. _

actuators are connected to an Interbus-S peripheral bus ~ The control software including the calculation of the

system, that is controlled by a bus master board in a VME- inverse kinematics is running on a Motorola PowerPC 603
bus chassis (see figure 4). processor board and is programmed in the object-oriented



real-time system Denia/XOberon [8], [9]. A Host-PC A first version of this control system has been imple-
allows the programming and monitoring of the system. It mented on a manipulator and first tests in real tunnels have
can further be used to change some process parameterdeen realized. With this controller the operation of the

that can't be controlled from the operator’s control unit,

manipulator was greatly simplified. It reduces the costs of

such as the distance between the jet and the wall during the training and increases the quality of work.

automatic spraying, the number of measurements in the
scanning process and others. It is also used to visualize
these parameters and to display a protocol of the complete
operation cycle.
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Fig.6: Robojet in operation
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Compared to the method described in section 3.1, the
use of the null-space method has the advantage of simulta-
neously optimizing the robots workspace and its dynamic
performance.

(6]
6. Conclusion

The Robojet is a redundant heavy manipulator that
used to be operated with simple manual control units by [7]
skilled personel.

In this paper, we presented a new control system that
supports the operator in his work in different ways. The
operator can guide the tool in cartesian coordinates
directly using a space mouse. The calculation of the redun-
dant inverse kinematics and the control of the actuators is [9]
performed by the control system. The null-space method is
used to achieve a big workspace and a high dynamic per-
formance simultaneously.

[8]
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