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Preface

Dear Participants,

Confronted with the ever-increasing complexity of technical processes and the growing demands on their
efficiency, security and flexibility, the scientific world needs to establish new methods of engineering design and
new methods of systems operation. The factors likely to affect the design of the smart systems of the future will
doubtless include the following:

e As computational costs decrease, it will be possible to apply more complex algorithms, even in real
time. These algorithms will take into account system nonlinearities or provide online optimisation of the
system’s performance.

® New fields of application will be addressed. Interest is now being expressed, beyond that in “classical”
technical systems and processes, in environmental systems or medical and bioengineering applications.

® The boundaries between software and hardware design are being eroded. New design methods will
include co-design of software and hardware and even of sensor and actuator components.

e Automation will not only replace human operators but will assist, support and supervise humans so
that their work is safe and even more effective.

® Networked systems or swarms will be crucial, requiring improvement of the communication within
them and study of how their behaviour can be made globally consistent.

e The issues of security and safety, not only during the operation of systems but also in the course of
their design, will continue to increase in importance.

The title “Computer Science meets Automation”, borne by the 52™ International Scientific Colloquium (IWK) at
the Technische Universitat llmenau, Germany, expresses the desire of scientists and engineers to rise to these
challenges, cooperating closely on innovative methods in the two disciplines of computer science and
automation.

The IWK has a long tradition going back as far as 1953. In the years before 1989, a major function of the
colloquium was to bring together scientists from both sides of the Iron Curtain. Naturally, bonds were also
deepened between the countries from the East. Today, the objective of the colloquium is still to bring
researchers together. They come from the eastern and western member states of the European Union, and,
indeed, from all over the world. All who wish to share their ideas on the points where “Computer Science meets
Automation” are addressed by this colloquium at the Technische Universitat IImenau.

All the University’s Faculties have joined forces to ensure that nothing is left out. Control engineering,
information science, cybernetics, communication technology and systems engineering — for all of these and their
applications (ranging from biological systems to heavy engineering), the issues are being covered.

Together with all the organizers | should like to thank you for your contributions to the conference, ensuring, as
they do, a most interesting colloquium programme of an interdisciplinary nature.

| am looking forward to an inspiring colloquium. It promises to be a fine platform for you to present your
research, to address new concepts and to meet colleagues in Iimenau.

il (et

sor Peter Scharff Professor Christoph Ament
. ctor, TU limenau Head of Organisation
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Y. Litvinov / S. Karpovich / A. Ahranovich

The 6-DOF Spatial Parallel Mechanism Control System
Computer Simulation

ABSTRACT

The 6-DOF spatial parallel mechanisms are frequently used in industrial robots, motion
systems, flight training, test systems, etc. The 6-DOF spatial parallel mechanisms
enable development of controllable dynamical electro-mechanical systems, by providing
sophisticated 3D movements. However, such systems’ control system simulation
problem still remains one of the main difficulties in the sphere of robotics [1].

The described 6-DOF spatial parallel mechanism control system simulation is intended

for using in motion system construction for working platform 3D movement.

THE 6-DOF SPATIAL PARALLEL MECHANISM

A 6-DOF (degree-of-freedom) spatial parallel mechanism is composed of 6 independent
legs connecting the mobile platform with the base. Each of these legs is a serial
kinematic chain that is controlled by one motor which actuates one of the joints. The
structure chart of the investigated spatial parallel mechanism, presented on Fig. 1, is

capable of realizing sophisticated 3D movements of mobile platform. The

A, A, A; A, A; Ag mobile platform is directly connected to O;,0,,...,Og motors driving
shafts by I11,1,r,,..., Il kinematic joints. The 6-DOF spatial parallel mechanism
supports three coordinate axial displacements ( X, Y, Z) and three angular rotations (i

- yaw, @ - pitch, @ - roll) of the mobile platform about the appropriate coordinate axes

respectively.

THE INVERSE KINEMATIC PROBLEM SOLUTION

The output position and orientation of the platform directly correspond to the input

actuation from motors driving shafts. Therefore, the 6-DOF spatial parallel mechanism
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control system modeling often starts with the inverse kinematic problem (IKP) solution,
that implies the determination of the input variables (motors shafts rotation angles

01,0,5,03,0,4,0%5,04 ) out of the output variables (platform position X,y ,Z and

orientation v ,8,¢) [2].

Fig. 1. The 6-DOF spatial parallel mechanism structure chart

The input variables are connected with the output variables by the appropriate
equations. The initial equations analysis showed that the inverse kinematic problem
doesn’t always have general solution. The reason is, that for a given set of output
variables there are several valid sets of input variables. A new developed program with
implementation in MATLAB/Simulink environment software enables inverse kinematic
problem solution for mechanism type proposed on Fig. 1. The inverse kinematic problem
computing program screenshot is presented on Fig. 2.

The program provides both immediate and step-by-step solution of the inverse kinematic
problem for the 6-DOF spatial parallel mechanism. The step-by-step mode enables
consecutive computing of the inverse kinematic problem for specified incremental
changes of X,Y,Z,w,0,p variables on every step. Moreover, the platform’s
movement boundary region can be build on the basis of the inverse kinematic problem
computing algorithm. For instance, the platform’s movement boundary regions for
different y , 8, ¢ constant angular values and X, Y,z variables incremental changes
are presented on Fig. 3.

As it can be seen on Fig. 3 the platform’s movement boundary region volume has a

nonlinear dependence of angular values y ,0,¢.

478



e Edt
XY, Z X, Y, Zincrements:  Psi, Theta, Phi: Psi, Theta, Phi increments:. — Constants
= - a =70 mm
3 S0 deltaX: 5 i . r
x: Pei: 2 deltaPsi: 0 B S aTa
= 846 mm
Y[ a0 delta¥: 5 2 i 0 D=
) 5 Theta: 3 deltaTheta: 0 LB
= - 538
z:| o0 deltaZ: 5 Phi: 4 deltaPhi: 0 e
| =450 mm
Caleulation result: [ lastiall results
CHT 1 2 3 4 5 (] [ sav in fil
o000 094 91 108 64 0071 & 083 & TTE A [ build grafic
o000z 054,44 108 13 069,35 05150 -
000003 te3 a3 107 53 066 77 079 81 File name:
00004 0933 10701 064 25 077 74
O000s 092 60 105 40 061 77 1175 66
00006 06213 10577 069 34 7360
00007 091 54 105 10 056,95 071 53 [ catculat
00008 090 65 104.41 054 60 060 46
O00s 09015 10369 05220 067 30 [ Galeutste frt
00010 069 41 10295 04559 065 31 @ gEones
- - | Remuove
| Remove a1
Finite values:
X Y: z Psi: Theta: Phi:

Fig. 2. The inverse kinematic problem computing program

The experiment carries out resulted in boundary region with maximum volume

determination with zero angular values v ,6,¢.

X, mm

w=0°60=0°¢p=0° w=10°,0=10°,9p=10°

Fig. 3. The platform’s movement boundary regions

In order to build proper 6-DOF spatial parallel mechanism control system simulation the
six control motors shafts rotation angles changes should be investigated which directly
correspond to the determined platform movement. The inverse kinematic problem
computing program provides possibility for building motors shafts rotation angles
changes trajectories according to platform’s movement from initial to final position and
orientation (Fig. 4). The motors shafts rotation angles trajectories are obtained by the

inverse kinematic problem solution for specified incremental changes of X,y ,z, ,0,¢

variables on every step. On Fig. 4 can be seen that the rotation angles has nonlinear

variation trajectories and different total angular changes.
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Fig. 4. The motors shafts rotation angles changes trajectories

This means that all six motors to actuate the 6-DOF spatial parallel mechanism must be

controlled independently, bringing the demand of six regulators implementation.

THE 6-DOF SPATIAL PARALLEL MECHANISM CONTROL SYSTEM COMPUTER
SIMULATION

The 6-DOF spatial parallel mechanism control system consists of the inverse kinematic
problem computing module (IKP module), regulators (one per motor) and hardware
components to control six motors. However, regulators synthesis and, therefore, control
signals tuning are among the main problems that deal with working out such a control
system. The rapid solution is to reconstruct simulation loop feedback system in
MATLAB/Simulink environment, composed of the control system model and motor

model, to carry out simulation (Fig. 5).

| PiDreguator 1 PWMinverter

IKP D‘V
madule o ge_rliail\ie____l L L?—%Egp
_______ o )
Tm
AT L

Paosition sensor

Three-phase AC motar

Fig. 5. Simulation system block diagram for one three-phase AC motor
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The 6-DOF spatial parallel mechanism control system modeling in MATLAB/Simulink
environment starts with such simulation loop feedback system reconstruction. Computer
simulation was carried out with usage of PID regulators and three-phase AC motors. The
simulation block diagram of one three-phase AC motor control system is presented on
Fig. 5. As it can be seen on Fig. 5, AC motor is fed by PWM signals produced by PWM
inverter. The three-phase AC motor simulation model is implemented on the basis of the
following equation sets [3]:

\Y%

. d . .
qs = Rs'qs +a( L g T I—mlqr )+ o Lgigs + Lyigr );

. d . .
Vs = Rlgs +a( Lgigs + Lmigr ) —a( I—s' + I-m'qr );

1)
o d | | (
Vor = Relgr +a(Lr ar T Lmigs )+ (@ - )(Lyig + Lyigs );
. d : :

Vdr:Rr'dr+a(|-r|dr+|-m|ds)_(w_(‘)r )(Lyigr + Linigs )3
Te = p(iqs( Lsids + I—midr )— ids( Lsiqs + I—mlqr )-

d 1

—w,=—(T, -Fao,-T.);

giom ZH( e m=Tm) @)

90 = 0

dt

In accordance with the (1,2) description, the simulation can be carried out with different
three-phase AC motors depending on electrical and mechanical parameters which can
be set directly via new developed interface. The developed simulation system,
implemented in MATLAB/Simulink, enables PID regulator tuning according to motor
output characteristics (rotor speed, rotor rotation angle, electromagnetic torque, rotor
and stator currents).

The 6-DOF spatial parallel mechanism control system computer simulation is
implemented as the hardware-in-the-loop control model simulation in MATLAB/Simulink
modeling environment. MATLAB/Simulink in conjunction with Real-Time Workshop can
automatically generate, package, and compile source code from Simulink models to
create real-time software applications that can immediately be executed on a variety of
systems and hardware platforms thus enabling the 6-DOF spatial parallel mechanism
control system hardware-in-the-loop simulation as well. The 6-DOF spatial parallel
mechanism control system hardware-in-the-loop simulation structure is presented on
Fig. 6. As the result of hardware-in-the loop simulation (Fig. 6), the 6-DOF spatial

parallel mechanism control system hardware-in-the-loop simulation model has been
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developed in MATLAB/Simulink for simulation on TI TMS320C2000 DSP debug

hardware platform (target board).

The 6-DOF spatial parallel
mechanism system

— Frw T
Host PC, controlling ”
hardware-in-the-loop Target board
simulation
Control system %I-ﬂme Workshop
modeling

MATLAB/Simulink Control
system model

The 6-DOF spatial parallel mechanism control system hardware-in-the-loop

simulation block diagram

The developed hardware-in-the-loop simulation model enables the execution of the
MATLAB/Simulink control system model directly on physical hardware debug platform,
giving that way the possibility of rapid control prototyping for the 6-DOF spatial parallel

mechanism control system.

CONCLUSION

Control system simulation for 6-DOF spatial parallel mechanism is described in the
paper. It covers mathematical and computer models of inverse kinematic problem, AC
electrical motor regulator development and simulation with controller code generation

using rapid control prototyping approach.
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