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Abstract: The paper describes a multiprocessor control systiem
construction robots integrated in a SOA designed dayered CAD — CAE
information structure. The motion control systendredses both the robot's
mobile carrier and the partially closed-loop arm oflindrical type; their
motion control is embedded in a multiprocessor botControl system for
which programming library was developed. Experiméngsults concerning
the motion control of the 5-d.o.f. robot arm arpoeted.
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1. Introduction industry are more and more associated
with the attempt to create information
The nowadays demand on thesystems used to automate the building
manufacturing process in the buildingprocesses. Up to now, automated solutions
industry is constantly rising to enableare developed however in each case for
competition for quality, standardizationeach special building process. The
and decrease of production costs. Theepetition of development errors and the
standardization is directly related both tancreased training expenditure for the users
replication of construction procedurescause high development costs, which make
(bricklaying, windows placing, application an economic application of the automation
of mortar on walls, finishing operations —systems often impossible. One possible
painting, polishing) and to increasingsolution for the above problems is an open
working  productivity. These two and modular control for construction
objectives, subject to constraints offobots based on embedded systems
efficient use of materials resources andperating in a Service Oriented
employment of workers, can be reached b#rchitecture (SOA), which means:

using robots in the most common, . ysing autonomous guided vehicles as
monotonous, effort demanding building  yopotic arm carriers moving to pre

operations — from which the most planned locations in the building site
representative is bricklaying for wall  [g] [3].
elevation [4].

Rationalisation efforts in the construction
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- Using the robot arm in working 2. Robot functionality and operating
locations to perform various types of  modes for construction tasks
operations: bricklaying, finishing, etc

. Using generic hardware modules Fig- 1 presents the global robot system
(general purpose mathematica@nd its working environment with sensory
processorS, motion Controllers’contrOI. The meChanical I‘ObOt arm iS a 5-
universal motion interfaces, remoted-0.f. partially closed-chain kinematic
control and communication terminals)Structure  (with - parallel linkages) of
to build up embedded modular robogYlindrical type, carried by a 3-d.o.f.

controllers adaptable to the Workinngbile Wheeled platform. The resulting 8-

sensors, and material flow. move on quasi-horizontal prepared floors,

. Relying on open standard softwarend generates a 3.5 m-height workspace in
(Linux-based real time operating2D locations of the building site.
system) and open solutions in software
system design: the basic software
system is created from a set of task
oriented modules and library functions
such as: trajectory generator, motior
tracking, end-effector set up, mobiIeQ‘
platform navigator, inclination control, .z
range finder and odometry
localization, which are selected,
attached and combined according t
the set of particular services to be
provided in a construction application, _ . _
ie. creating a Service Oriented Fig. 1.The construction robot and its
Architecture (SOA), [4]. environment

- Using a Knowledge Based Technology
System (KBTS) to map technology

The inclination of the mobile platform

it o duction dat an be measured with inclinometers along
speci |c§ |:)ns Irll? pLO uc(;onb afa ?hn wo orthogonal symmetry axes and
area robot work 1asks and, Dy fur rs‘rcorrespondingly corrected by means of a 4-
access to a construction materials da

b i " ticall ¢ tht&o.f. mechanism electrically driven by
ase to automatically generate the . .- motors.
parameters of application programs The mobile robot platform is a free-

(base wall and brick stack Iocatior_ls,ralnging (non-guided) wheeled vehicle,

offsets in _stacks, motion and graSp.m%apable to avoid obstacles (e.g. brick
d%tat (trajectory  type, speed, pIClﬁ)allets, walls) in a structured environment;
offsets). _ its arm performs coordinated movements
Research in control systems fofgjther in the Cartesian space or in the 5-
construction robots is still seekingdimension joint space automatically at
feaSIblllty solutions and pOSSIbIlItleS Ofprogram execution or under manual
large  scale implementing, throughcontrol. A PC-based operator console is
integration with KBTS and databases omsed both as teach pendant for robot point
construction procedures and materials. learning and as robot terminal for

execution of monitor commands, program
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editing, debugging, execution start-up andistances d;l<i<3and computes by
monitoring. S o triangulation the Cartesian location
The robot vehicle is a chassis with omniy_ y_of the robot vehicle. For a

d!rectlonal Wheels. Two 'Wheels ('n(prepared) horizontal floor the reflectors
diagonal locations) are driven by two

are at the same height and are scanned by
asynchronous motors  and generatﬁ,'e laser beam in a 36Planar sweep
respectively  forward -  backward '

displacements (when control signals ar
identical) and CW-CCW rotations (for
opposite control signals); the remaining

;[jvyo are loose wheels — the angu'laéll' Geometric models of the robotic
isplacement of one loose wheel being arm

measured by an encoder. The third motor
of the mobile robot platform drives turns
simultaneously the four omni directional

wheels via a common transmissio : ;
parallelogram linkage CDEF) mechanical

mechanism. - .
In the most general situation, the_structure of cylindrical type having the

displacement of the guided robot vehicle té)omt varlablesT vec.tor
a location within the building site is =6 d2 ds 8, 8s]". The point
performed as a sequence of straight lineonnecting the linkages CD and CF can be
displacements planned such that thdriven along two orthogonal (horizontal
contact with brick stacks of knownand vertical) directions, described by the
location and dimension is avoidedjoint variablesi,, d;. This means that the
whereas the shortest path is followed [6]. motion of point G is amplified by
For each individual path segment, thex=(L+I)1>1 with respect to the motion
four wheels of the robot's mobile platformy point C (Fig. 2). The end-effector wrist

are first turned along the direction towardg; g capable of two degrees of mobility:
the destination) point; then, the tWOpitch(e4) androll (85).

actuated wheels drives the robot vehicl”
along this direction until the motion E
program is completed. Brick pallets may |
be placed everywhere in (known locations L ,
the building site; the robot will turn around ™ * B (B
them to avoid collision and then resume it -VI-D‘_‘j e | ING
planned path towards the destination. :{ il *i J

Due to positioning errors of the robot \;\Jc)e G*‘(‘/g/,ﬂP %
vehicle (wheel slipping, different friction BT ;
coefficients of the four omni directional
wheels), an accurate auto locating** N
procedure is started once the platform Fig. 2.The closed-chain kinematic
stops. This procedure is executed with astructure of the 5-d.o.f. cylindrical robot
laser scanner mounted on the mobile manipulator
platform, and three reflectors disposed in
known locations x;,y; 1<i <3relative to

8. Modelling and embedded motion
control of robot arm

The robot arm mounted on the wheeled
latform is a 5-d.o.f. closed-chain

1

Due to its closed structure, the Denavit-
Hartenberg formalism and Luh-Paul-
the reference frame(x,,¥,) Of the \aker Algorithm for Local Coordinate

building site. A range finder receives thesystem Allocation cannot be used to get
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the implicit Direct Kinematics arm model, sSiNB  —ccs +5coPs; ¢S + 5 cosPe; O
DKI. Due to this, a pure geometricRO: - SinB -6 - cosBs; S5 — ¢ cosPes O
approach was used to obtain the direct® | cosB - sinps; - sinfcs 0
model: the location of an orthogonal frame 0 0 0 1

IS successively moved in important pointsvhere
of the arm structure, until the end-tip
location P is reached. The DKI model is

computed in two stages: Jd2 +d?

ds
o, =arcos ,0l, = ar cos————,

2 2,42
DK position model: ydz +d3

Pog0,,d,,d5,04,05) - [Xyy Y Zu ] B=90"-a;+a, +6,

The closed-loop Solution of the Inverse
Kinematics problem is obtained using a
combined algebraic and geometric

S, =sinB,,c; =cosb,, S5 =sinBs, c; = cosb,

X p= Xy +gcospsin(6, —y)

Yp =Yy +gcospeosd; -y) @) computation [2]:
Zp =Z, +gsin B(l-Zsin(e—E’D Xp
’ 72(0,.d,.d5,0,,05)= Rs %o
where VT2 TS Zp
Xy = (kd; +G'H')sin6, . 00 0 1
+
Y, =(kd; +G'H')cod, , |—=k 0 O a0 xO (2)
Z,, =kd, -GG" MO R T
H 2 nd s a? vl
4|2 _ d2 +d2 = é )IS )IS PD
D= % , n; s; a ZP
d2 +d3 0 0 0 1

”[d22+d§] ds sing \/n*2+n*2
a; =arccos————,0, = arcCos—— =
! 2 2 ’dZ +d2 X Y =
g 2 coP=n,
G'H'=—[D(d, cosd, - d,sind,) + dy cosh, +d, sinG,] -
2 :B:atanz(nz,\/nx +n, ]

* * 0
= - + = —
GH”=%[D(—dzsin64+d3c0394)—d35in94—d2c0364] (ﬁ p )394 oy +0, =p =90

cof3=n*
 Ba)ag -0y where
: : O 0
. a S
DK orientation model: 05 =atan2 - z _ .
2 2 2 2
Oriert(6,,d,,d5,0,,65) - R N +ny Jnx +ny

The implicit homogenous orientation
o . . .
matrix R¢ is derived below; its conversion 6, =atan?

to rpy minimal format is done at run time \/n;Z +n*;2 \/n;2 +n;2
whenever relative transformations are used
to plan arm motion.

_ nzsz(ax +az) a,8y, —S,5y
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0,=p +a,—a, -90° Compute the closed form inverse
21 + L)cosy,sina, kinematics solution in joint space,
d, = K , IK[TP(t)] , correspondong taP(t) ;
4 = 2(1 + L)cosx,cosn, IF t=t5y exit;
s Kk ELSE go toloop.
_ ) Y, —dsing”cos, The method consists in generating
0q =ar CO"Z(I + L)cow: ,co8), support points by linear interpolation along
where the imposed operational path, and adding a

. L desired speed profile. ThefP converts
u, =atan? Xy —dgnﬁ sin, ,Z\, +dcog” | then the Cartesian support points in joint
sind, representations and feds them to the
vt * *)_ oy trajectory tracking unit. Th@P has been
Xy =Xp— 0,—x |=X . . .
H = Xp = gcod Sm( 17X ) H implemented using the RMRC technique:

Y,y = Y5 —geoscodd, —x )= Y, 8c(t) = 37Ac ) (1) where
Zy =Zp- gsinB*sin[l—sin%’} =7, 0qc(t) = a(ty+1) —alt)
X (1) = Ios(Xqg (te+1) —dk(q(ty))
| sinoc/2 ,
wherey = ar Sln{smn—f’} = One can observe that both the

_ _ . interpolation for support points and their
Bricklaying tasks assume not only pick-conyersion from Cartesian to  joint

and-place sequences, but also linegppresentation are incremental, which
Cartesian motions whem mortar is appliedeqyces the computation time and

to bricks held in the gripper. N increases the band width of the [1].
Other construction tasks requiring the

execution of linear Cartesian pats of thg o Empedded
robot arm are: wall finishing, painting etc.
In addition, all locations of interest in CAD
files are specified in Cartesian coordinates yotion tracking is performed with dual

and directly mapped to robot points agpsp.GPGA NI 735x motion controller
transformations relative to the world frameyiin PID and feed forward laws: for linear
(reference frame attached to the buildingatesian trajectories the contouring mode
site) of the robotarm. _ is used, according to which the computed
Consequently, the arm'’s trajectories argint-space support points are fed to a

planified in the Cartesian space accordingpference buffer as a set of relative values

control of the
construction robot

to the algorithm: with respect to the initial point, followed
t=t, by cubic spline interpolation between them

loop: subject to imposed speed and acceleration
Wait new control period (sample) ; constraints.

Update the end-effector's operational The robot controller is designed as a
trajectory plannefP(t) : computing the multiprocessor structure, including four

necessary position and velocity datanterconnected processing areas (Fig. 3):
{b®), @), pt).o®} in Cartesian 1. A real-time, embedded controller NI

PXI 8196 acting as a mathematical
processor for execution of application
programs, motion planning and

space at current time,
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trajectory generation t centralized in groups of axes configured by the
level): PXI controller;

. Planning motion of the robot arm + Loop control and S-type speed
from trained or edited robot points profile are embedded at motion
and specified path types, and of the control level, with PID- (position and
mobile vehicle by comparing site speed) and feed forward control;
maps with path specifications (for + Arm and platform calibration using
collision avoidance with interior breakpoint modes (drive axis until
walls or brick stacks); occurrence of external event — limit

. Generating linear Cartesian switch); o .
trajectories of the arm and vehicle, * Monitoring encoders, limit switches,
coordinate joint trajectories of the external devices, protections and
arm, single-axis platform sequencing commands
displacements to compensate?. 12 motor servo drive boards (power
deviations from horizontality; amplifiers) connected to the motion

- Locating the mobile vehicle by controllers through universal motion
triangulation from range finder data; interfaces (UMI).

- Communication with the operator's3. Operator console, acting both as robot
console for data and program terminal and teach pendant — a laptop
transfer, diagnosis and production wireless connected to the PXI real-time
reports. embedded central processor.

Two NI 735x motion controllers The system applications were developed
addressing three groups of coordinateglifferently: motion planning, kinematics
axes (group 1: 5 axes of the cylindricamodel  computation — and  trajectory

robot arm; group 2: 3 axes of the robofleneration are written as C++ routines,
vehicle; 4 axes of the platformWwhereas the set of motion tracking
inclination mechanism): routines:  vector control  (electronic
. Slave status for motion tracking ingearing) — for coordinated_joints motiqn,

contouring — for traversing Cartesian

vector mode, i.e. coordinated motion . 3 . )
support points along linear trajectories or

User Console Processor

Real-Time

Multitasking
Central

Coniroller

otion Controller
NI 753

Iotion Controller
NI 753

o on ol e oG- r
[ UMI|Q4|;m|F(:}+[:J

Universal !
Mo tion

Interfaces I

CHASSIS

Fig. 3.Industrial implementing of the multiprocessor robontroller



LabView based control and simulation of a consinrctobot 7

Integrated C-function library
compatible with the IC
programming language

PEI/PCI

Kinematics models,
EMEC, Jacohean,
space transformations

AP (Applicafion
FProgramming hferfacs)

Trajectory Planner (TF)

Witidows programiming tools: FXI/PCI USE
« Vignal O+ —

+ LabVIEW Dual processor hardwrare
DEP —FPGA

Motion Controller

Fig. 4.Creating, converting and transferring motion caitapplication code for MC
hardware units
breakpoint motion — for calibration werearchitecture is modular and consists of two
developed as LabVIEW applications withmain layers (Fig. 5):
the NI LabVIEW Real‘Time mOdU|e, and . A user module(wrth |imitati0ns to
downloaded in the embedded real-time  system resource access), and
PXI central controller via Ethernet.
The embedded code is run on a real-time,
mu!tltaskmg operating system. ' external devices.
Fig. 4 shows the generic mechanism

used to create, convert and transfer th The User module contains subsyste_ms
application CO’ de to the har dwaregapable to pass I/O requests to suitable
processing modules. This mechanism igoftware drivers of the kernel module, by
. ' gsing the I/O manager.
based on integrated C support for

developing - multi-platforms  of - Motion Two subsystems are on the user module
Control type.

The system controlling the Windows 2" .
application code programming tools * The Environmentsubsystem (E_Ss)

- A kernel modulehaving unrestricted
access to the system's memory and

(Visual C++ and LabVIEW) shares an executing applications written  for
Application Programming Interface API various types of OS,
with the Motion Control (MC) language. . The Integral subsystem (I_Ss)

The same software operations are in the  operates specific system functions
MC programming language and in the for the E_Ss.

function library, which simplifies program The Executive interfaces and all
migration and reduces adaptation times fa§ybsystems in the User module deal with
applications  developed in different;/0, object management, security and
languages. process management.

The Real Time Operating System of the The hybridKernel is positioned between
robot controller is pre-emptive and rethe HAL (Hardware Abstraction Level)
entrant, having the capability to executeynd the Executive, in order to provide
both  on  mono  processor  andmuyltiprocessor synchronization, planning
multiprocessor architectures, antand interrupt- and execution threads
supporting Intel processors. The OS resolution, as well as trap processing and
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Spphicatioe

Wetkhton, Serer Security ;
. Wicld POSIH 0542
fanicu Zurrice

-
b

Executre Service

Virtual
Dfemory

Process
-

LT

Uhject Ilanazer

4

4
o e

4 4
Hardwrare &bstraction Layer (HAL)
ni.

Fig. 5.The architecture of the operating system (OS)

exception solving. The Kernel modulecontrolling directly a device, or busses for

consists from executive services, in theithe PnP hardware. The PnP Manager is

turn composed from several modulesised to detect and initialize at system start

performing specific tasks, kernel drivers, aip the Plug and Play devices.

Microkernel and HAL Hardware

Abstraction Levél HAL includes specific 4. Experimental work. Conclusions

code for hardware controlling I/O

interfaces, interrupt controllers and The reported research was carried out in

multiple processors [5]. the framework of a National CEEX Grant
The Microkernel is responsible for driverfunded by the Ministry of Education and

setup at the start moment. The drivers iResearch, and aims to develop a robot

the Kernel module are on three layerssystem and KBTS for automating

high-, medium- and low level. Low level construction tasks (Fig 6).

drivers are either inheritance driverOn the test has been observed that the

controlling directly a device, or busses foipositioning precision of the entire structure

the PnP hardware. The PnP Manager is 0.2 mm due to mechanical movement

used to detect and initialize at system stattansmission, also the robot needs to move

up the Plug and Play devices. Low levelsing small accelerations and trapezoidal

drivers are either inheritance driversspeed profile, on high accelerations
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/decelerations the mechanical structur
starts to vibrate.

hany:

Fig. 6. The construction robot

Another problem which we try to solve

is that the motors are commanded by two
different types of frequency converters
which give two different types of speedy.

control (Fig. 7.) (the KEB converters

seems to be more stable — green line, the

other converter is LS-600).
In Fig. 7. the internal PID loops of the
converters are disabled and is used

enly the PID control loop of the NI
controllers.

Fig 8 shows simulation results of RMRC
motion control algorithms for linear paths
in the joint space of the robot arm. In the
left side is represented the Paosition/Time
characteristic, and in the right side is
presented the Speed/Time characteristic
(Red — KEB, White — LS600). Linear joint
space paths are done by the trajectory
generator and motion tracking processor
according to the “electronic gear”
algorithm below:

1. Start from two trained robot joint
configurations®,,d,,d; 0,65 : initial p,
and finalp; .

Compute the rotation/translation path
differences between each element of
p; and p;, as the difference array

elA*dZA'd3A'e4A'e5A'

. Determine the axis maximum path
difference

Ag; :]Tigé(em'dZA!dSAie4A195A)i (©)
corresponding to the master axidA)
motion for the current trajectory
segment.

Compute the gear ratio between the
maximum path difference and each
element of the difference array; the
gear array GA=0.5,d55,0d35,0,5,055
results. This array will have one value

zzzzz

=

‘‘‘‘‘

Fig. 7.Blending moves for two axe

Time

S (position — left,

-right)



10 The 10th IFToMM International Symposium on Scien€&lechanisms and Machines

3000000 ~ 34000

2500000~ i

2600000~ Gl
28000
2400000~
za000 -
2200000~ |
24000

2000000~
22000
1500000 20600

4 1500000 B 15000
g b=t

£ 1400000} E 16000+
1200000~ 5
120001
1000000 -

10000 -
800000~
600000~
400000~

200000~

0= O Ry p e D e L e o e R ]
0 50 100 150 200 250 30U 350 400 450 SO0 550 £00 €50 697 0 50 100 150 200 250 300 350 400 450 SO0 S50 E00 650 697
Time Time

Fig. 8.RMRC and electronic gear path control results
equal to 1 and the other values in the randgeeferences

(-1, 1).

5. The positions of the five axes arel. Borangiu, Th..Task-Driven Control of

modified incrementally by adding the
values from the gear array multiplied
by a value obtained by dividing the
maximum difference to the resolution
of the motor mounted on this axis (the

other slave axesS@ will have at least 2. Borangiu,

the same resolution). The valuerofn
the equation below incrementally

changes axes position along the linear

joint path:

MA_ pos= (MA_ pos-offse) + Ag, /n (4)
SA pos=(MA_ pos- offsef) [GA
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