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Abstract— Nowadays the flexible configuration of
manufacturing cells becomes to an important requirenent
especially at small and medium sized companies. Ehi
method can make the production fast and effectivetamall
series or frequent manufacturing changes. The shofteor
control method — presented in this paper — offers aolution
for the facing problem of fast and easy reconfigurdon.
The hardware of the controller designed modular wih
software components for online configuration. This
solution allows sensor integration on different legls for
every part of the manufacturing cell. With unified
programming language and the machine specific
controllers (post-processing) the cells can be deéd easily
by different types of human-machine interaction. Tk
shop-floor control architecture is implemented and
validated on an Adept SCARA robot. The robot is drven
by standalone, low-level, interchangeable, softwarend
hardware components.

Keywords — robot controller, RT middleware, CNC,
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. INTRODUCTION

At the previous decades the efficiency of prograngmi
increased significantly. In a previous paper moetails can
be found from the first half of our research [1].this paper
we describe the latest experiment results and drdware
developments designed since then.

At NC machines the G code is a common languaged2gr

the code we cannot find a universal programminghoatto

configure manufacturing cells. The main concern toé

research is to make the possibility for the usersréate robot
programs more intuitively (e.g. [3, 4]). G code gnammed
machines have low flexibility and accuracy at mactdring

cells in the view of reconfiguration. This aspesthetter at
industrial robots. They exhibit high flexibility apled with a
relatively lower absolute accuracy. In some cakeshas led
to the use of industrial robots as shop-floor calfers [5].

The following technologies and techniques can sesea
basis for overcoming the main challenges at shoqrfl
controller development:

1) low-cost, accurate and efficient electronics g.(e.
microcontrollers) [6]

2) high-speed communication
communication [7]

3) machine programming and development softwaredas
open source solutions (e.g. [8])

4) standards for efficient machine communicatioms eontrol

(8]

The main contribution of this paper is a conceptstwop-floor
type manufacturing cells, with the opportunity dffetent
level online machine combination. The method gias
opportunity to the common work between several tohnd
NC machine types. The next requirements were thetmo
important during the development:

1) The opportunity of common work between different
elements of the manufacturing cell independently

2) The communication between the cell elements lghba
continuous and should have a proper hierarchy.

3) Modular built up for fast hardware modificatiamd cell
development.

4) The system should have an easy reconfiguraéind, user
friendly control interface for the human-robot irgetion. The
aim of this part is the implementation of the sdamguage on
high level for example at the humanoid robot ané th
conveyor belt.

5) The cell should be able to make high level sefision for
feedback during the manufacturing process, and cell
modification.

links for inter-machine

In the view of organization the paper has the foiig
sections: Section | was a short introduction. Attisa Il we
can read a short overview about RT-Middleware. iBecil
presents the brief concept of our shop-floor cdntnethod.
The experimental results are presented in secWorgéction
V concludes the paper.

1. RT-MIDDLEWARE FRAMEWORK

Between industrial robots and NC machines we cad fi
some significant differences in the view of contnoéthods.
The NC machines can be used independently for giogu
parts in small series. The NC machines have a commo
language (G code). It is an important aspect tdovol
standards at production. When a part designedadadaode is
generated it must be compatible with every NC mahAt



industrial robots this pressure is absent. Evedystrial robot
manufacturer can use a brand specific (or sometimedel
specific) control language. Despite the standardo@e NC
machines usually does not have any appropriate (aod
sometimes 1/O opportunities) for high level comnuoation in
a manufacturing cell. Industrial robots are weltedd for 1/0
communication with other machining cell components
Because of the different control language systetagnators
and shop-floor controllers can be widespread. Tkehanics
of the NC machines and industrial robots did nanged a
lot. The mechanical solutions proved their dur&piWith the
development of the electrical control systems tdrar broken
machines the robot arms or NC-s can be remained-dpte.
The shop-floor concepts and intelligent cell reagunfations
require sensor fusion for the whole manufacturiet. cThis
method is also limited by the vendors of the magfiand
controllers. Due to these issues, many researdiases turned
to new and open control architectures for robotesys (so-

called middleware systems) [8]. The most importantt

middleware solutions can be found in [10]-[14] amd
comparison can be found in [14]. [15]. The mainIgafathe
middleware system is the development of a commoguage
and control concept for different users and taskss also
reported that only one of these middleware tectgie -
called RT (Robot Technology)-middleware
standardization [16]. At the beginnings RT-Middlewa
developed only for humanoid robots. NC machinedustrial
robots, humanoids have similar built up at powectbnics,
mechanics and at low level control methods. RT-heddre
has proven to be well adapted to industrial prejectd is in
use by many different industrial companies (Toshianda,
AIST and also other research institutes) [17]. 002, the
Japanese Ministry of Economy, Trade and IndustreTW,
the Japan Robot Association (JARA) and Nationadtitute of
Advanced Industrial Science and Technology (AlS@jted a
project named "Consolidation of Software Infrastoue for
Robot Development”. The goal of the project ismtplement
robot systems in a modular fashion so that theyrast the
diverse needs of users. Further, the project aimmsliow
system designers or integrators to build versatileots or
systems with relative ease by simply combining ctekd
modular parts [16]. In RT-Middleware we can develmr
cells with low level components (named RTCs,
RTComponents). From RTCs we can create larger tipgra
units like an NC machine. In the lack of an RTC extra
software and/or hardware component can be develdped
complete our old machine. In the RT-Middleware
environment we can merge, modify, and connect wdiffe
RTCs easily. The RTCs are platform independentaiéjd he
use of RTCs in shop-floor control architectures irsn found
to be favorable in other research areas as we]l HT7Cs are
the basic, modular units for achieving distributsinputing.
These elements can be observed as black-boxes.
box has predefined interfaces for communication thieddata
manipulation and calculation is hidden from the eexal
parties. More details about the RT-middleware cafooind in
references [17].

is under

I1l.  SHOP-FLOOR CONTROL ARHITECTURE DESIGN

The control of flexible manufacturing systems,ilunow,
was limited to 1/O level signaling, using an indigtrobot or a
PLC as an overall controller. The proposed architecis
based on software components (RT-Middleware) and on
standards (STEP family). The shop-floor controkea normal

PC connected to the high-speed communication nktafothe

shop-floor. This PC serves as an interface foresysassembly
and task specifications. At the bottom level (@elmponents)
we have all the cell members represented by NC-imesh
industrial robots, cameras, sensors, conveyor,lfekglers and
etc. In general, all cell members that have thditabio
communicate are defined as active cell componeGtl
members, if possible or needed, are built up framalker
components, forming controllable objects where
communication drivers between the software compisnare
based on the RT-middleware framework. These comysene
represent building blocks for the manufacturingesysand are
called RT-Components or RTCs. Depending on theifspeéc
ask, these RTCs can be used as fully standaldhmembers
or can be assembled in a way that will satisfyrteeds posed
by a given task.

the

IV. EXPERIMENTAL SYSTEM DESCRIPTION AND VALIDATION

Every machine type used in manufacturing cells has
different control hardware and software. Because the
standards some components can be the same orimelyr.s
(NC machines, industrial robots, PLC or PC). Witlslep-
floor concept and RT-Middleware technology the efiint
machines and controllers can be configured andrdded for
every given task. For this solution the parts afedl should
have a modular construction for example in the vidvaxis
drives, and sensors. This modification can be hardvor a
software solution. (It depends on the given tasl, the part of
the machine.) At a software problem the part ofdbk can be
a standalone unit with the high level control andesvision of
the system. (In the beginning this is the most earent) [5]
We can implement the software for example on a ®®ected
to the machine. The PC translates the data betwien
machine specific language and the RT-Middlewargesysin
this case the original controller can limit our ahbjlities with
the low level software and the hardware. At a hamdw
problem the controller of the machine must be emgkd with
low-cost highly modularized electrical componer@k [n this
case everything has to be developed and implemednbea
scratch, but as a result we obtain a high levéleafbility and
a truly software-based controller. In our experiteethe
hardware design was an important part of the prégeget the
most sophisticated hardware and low level softwarethe
support of the system development. Our team confdement
and test the components at an Adept 604-S SCAR#t raind
a three axis CNC machine. Three of the componers w
developed on the SCARA robot, and one of the ctiateowas
connected to the CNC machine.



Software and hardware layout [1]

RT-Middleware can be implemented on different leve The Cartesian coordinates of TCP can be expressequation

For example Linux CNC has an own interpolator, kia#cs,
etc. modules. For the pre processing hardware aters RT-
Middleware components (hardware and software) nhest
designed. The following standalone hardware andwsoé
components were created (RTCs):

a) Programming interface: this is a PC-based graphical user

interface. The Linux CNC uses also the same mefinorbbot
programming. We can enter coordinates, G-code, etc.

b) Interpolator: it plans the trajectory of the robot with the

knowledge of the actual position and orientationttef TCP
and the workspace. The software calculates the misjtions
of the planned trajectory in Cartesian coordingtesn.

¢) Inverse Kinematics: the module calculates the joint

coordinates of a machine from the next positiomgraation,
and velocity of the TDP. The inverse kinematicdifferent for

every type of robot. The equations must be impldeten

individually for every machine. The frame of thengmonent,
and the input, output parameters are the same.

d) Direct Kinematics. the module calculates the position

and orientation of the TCP from the joint angled &elocities.
Similar to the inverse kinematics in this module #guations
of the motion are also different for every machippes, but
the frame of the program is always the same.

e) Joint Controller: in some cases the controller part of a

machine is only one joint. The module gives speedition, or
torque references for the joint.

The most important implementation was the scararkatics
during the experiments, measurements and hardware
development.Kig. IV.1.)

Fig. IV.1. Mechanical drawing of the Adept 604-S ST} robot.
ml, m2, m3 are the massel,,|2,d0,d3 are the lengthgl,g2,g3,04 are
the angles of the corresponding joints. (These dagaecessary only
for the calculations of robot dynamidsl andlc2 are the masses
position on joint 1 and joint 2, respectively.)

(4.1), (4.2), (4.3).

x= 1, tosq, +1, ®os(q, +q,)  (41)
y = |, 3ing, +1,sin(q, +q,) 4.2)
p=0Q, +Q, tq, (4.3)

Forward kinematics can be expressed deriving espugai4.1),
(4.2) as (4.4),(4.5).

%= -1, sin(q, + q, ) e, + 4,) -

-1, [$ing, L4, (4.4)
y= Izcoich +Q2)qu1 +q2)+
+1, [tosq, [, (4.5)

The connection between the Cartesian velocitiesjaindl
velocities can be represented as equation (4.6).

X =Jq)® (4.6)

Where

d,
d,
Where J(q) is a Jacobean matrix as equation (4.7)
J(aF|-I,8Bim 1, 8in(q+q,) -1,B8in(q+q,) | (4.7)
|, [Gos +1,[togg+q,) |,[to$g,+q,)

Technical solutions

In this part we present four solutions for differdevel
control methods at a manufacturing cell.

The first one is a joint controller. (Fig. 1IvV.2.) Two RT-
Middleware based joints were developed for the fis® joints
of Adept SCARA 604-s robot. The cores of both dtZ SKU
boards from Atmark Techno Inc, which are embeddedce
platforms based on the combination of FPGA and X.inthe
following two chapters describe SUZAKU-V and SUZAKSJ
platforms. The board can get the references viarkét, and
give the calculated references to the servo araplifia serial
port. The system can calculate position, speed, amtent
(torque) control for brushed DC motors. This is Hmallest
element of a manufacturing cell.
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Fig. IV.2. The block diagram of the joint contralRTC

The second one is a simple decentralist CNC controller.

Thethird oneisthefirst version of a universal robot controller.

(Fig.Iv.3) Most of the controllers are standalone units ard ar(Fig.IvV.4.) For

able to move the TCP without a computer. Exterpahuters
are only used for offline programming. This meahat tthe
program is written on a PC without the robot, afidrahat the
user can upload it to the robot controller's memioryrunning
it. Our controller is able to work with a PC basetérpolator.
The external interpolator is generally a PC baseal-time
application. It is possible to control additionah€tions along
output 8 relays, and 8 isolated inputs, for exanaplaant, tool
size measurements, and other PLC functions. Thé&Se
interfaces can be accessed along ModBus interface.
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Fig.IV.3. The block diagram of the CNC controller

handling user interface and computing
independent PID loops a simple 8-bit RISC microgmlgr is
eligible.

A controller like this can simply be universal, hase there are
no machine specific computing processes that havdet
customized for different mechanical systems. Fdependent
joints, there are many simple adaptive control wesh for
learning the mechanical parameters. Hence witlalsigitpower
stages, and a versatile encoder and I/O interfaeesquipment
is able to drive different machines with a shorbfaguration
before.

To control a nonlinear dynamic system the computin
hardware has to solve the inverse dynamic Lagraagetion.
This FPGA-DSP platform is able to compute all thections
that a standalone unit needs: Interpolation, pd#nring,
inverse kinematics and inverse dynamics calculatiencoder
feedback count, PID (or PD) control with computedqtie
method, data conversions, and external interfageBQ and
other industrial units.

To make this architecture suitable for differenbats, that is
not enough to design versatile power stages anchtédfaces.
The robot's dynamic model has to be integrated ithte
firmware. That's make this problem difficulty, atitere is no
prevalent method today to solve within a short tiared
without a specialist. All the two different contieds have an
Open RT-Middleware interface for PC based interjpolal his
makes a controller able to work with other conexdlalong a
real time common interpolation, which have to beated in
the RT-Middleware framework for the custom applimat
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Fig.IV.4. The block diagram of the nonlinear motmntroller

The fourth one is the second version of the universal robot
controller. (Fig.Iv.5.) After a PCI bridge interface application
specific IC there is an FPGA on a self designed P&,
therefore it is possible to handle reference anedback
signals. Servo controllers, encoders, end switeétescan be
connected to the computer. We designed the systeuamé the
Linux CNC, what is an open source robot controfleftware
with ladder logic editor, PLC functions, G codetedietc. so
the controller can handle other peripherals in hwi¢h the
robot, for example tool library, assembly line dtmux CNC
also has a modular built up. The RT-Middleware nteduar
Linux CNC is under development.
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Experimental results

At the example controllers at the different levets made
measurements to the validation of the hardwarettadontrol
architecture. At most of the measurements we tehtedystem
on the major joints of the Adept SCARA robot. A ush
decentralized PID control was implemented in thentJo
Controller (First level controller). At the CNC dooller
(second level controller) we implemented three PID
controllers. At the first version robot controlléFhird level
controller) we implemented PIC controllers for guvint with
a DSP calculated interpolator. At the second varsiobot
controller (Fourth level controller) we implementeg@lD
controllers for every joint. (Kinematics and otheénux CNC
modules are also implemented.) At the Linux CNC ageld
easily measure every parameters of the robot atahe time.
(For example joint coordinates TCP position, oiion,
feedback, reference, etc.). In the view of the ottwmtrollers
we could measure the references, the error, theergurand
some other parameters of a DC mot®ig.(v.6.) In this case
the controller of the power electronics measureddhta at 10
kHz frequency. At the Linux CNC measurement the e
time was 100 kHz, (Data measured by the PCI card.)
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ik Ot

Fig.IV.6. The user interface of the tuner program

V. CONCLUSION

This paper presented the basic concept of shop-foatrol
architectures and four examples for different lenechine
controllers based on RT-Middleware framework andEBT
NC standard. The time demanding manufacturing cell
reconfiguration requires new programming methodsl an
machine-user interactions. The RT-Middleware tetdump
with the available standards can give a solutiaonfést and
easy manufacturing cell configuration. The conél from
the different levels are implemented and testetherjoints of
a SCARA robot and on a 3D miling machine. The
experimental results shows no significant drawbawfkssing
a networked, software component based architectine next
step will be the test and development of the seo@rdion
universal robot controller concept. (Fourth leveintoller
with the Linux CNC and PCI card conceptioRig(1V.6.))
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