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I. INTRODUCTION

For large robot-base displacements, for instance caused by
short and long crested waves on a vessel, large vertical
displacements at the robot end-effector with respect to the
base are expected. In these cases, the robot typically will pass
through singularity configurations, as in the example for the
here chosen KUKA KRS500 architecture the wrist singularity
displaying collinear fourth and sixth axes. It is well-known
that such singularity configurations may cause infinitely large
joint velocities and moments [2] and thus must be avoided. In
the literature, there exist three basic methods for singularity
avoidance [3]: the Jacobian transpose, the Jacobian pseudo-
inverse and the damped least-squares Jacobian inverse. All
three methods are well-established, and highly-specialized
algorithms exist, in particular for the damped least-squares
method. The basic idea of these approaches is to reduce the
norm of the joint axes increments — possibly with weighted
selections of axes and thereby to circumvent the singularity
locus. Remarkably, the weighted damped least- squares
Jacobian inverse method (WDLS) is especially directed to
overcoming the problem of a robot control through
singularities and is known to have stability in the
neighborhood of singularities.

Although the WDLS method is known to work quite well in
practice, it has some slight disadvantages such as the mixing
of tracking errors at the end effect or when approaching
singularity and a tendency to small jerks at the switching
points. Such properties can be disadvantageous when carrying
sensitive loads at the end effector. For this reason, in this
paper we propose a new approach including a virtual
redundant axis (Fig. 1) in which all errors induced by
singularity avoidance can be concentrated in one individual
direction (Fig. 2), and which runs throughout the complete
motion without switching points. In this way, rough base
motions can be compensated, reducing the danger of violating
position, velocity or acceleration limits and thus of running
into emergency stops, which would lead to unpredictable end-
effector motions. An industrial robot with kinematically
consistent robot axis control is employed so that the robot
dynamics need not be considered. Such aspects will be tackled
in future publications.

VI. CONCLUSIONS

For the incorporation of robot kinematical constraints, we
propose a simplified method which is a subset of the method
of developed by Kroger and Wahl [8]. Altogether, the ensuing
robot control proved to be robust for large wave motion on a
KUKA KR500 architecture. Finally, the least squares
polynomial fitting provided smooth velocity and acceleration
estimations for checking for robot limit compliance.
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Fig. 4. Robot with virtual redundant axis q;
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Fig. 5. Robot target motion for a simulated wave-like base motion with
vertical amplitude H =2.6 m and a sampling time At = 0.04 s, showing the
response to wrist singularities. Case (a) non-redundant WDLS method, case
(b) virtual redundant axis method.
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1. IEVADS

Pie lielam robota bazes nobidém, pieméram, gadijumos, kad
kugis tick $tpots 1sos un garos cekulainos vilnos, ir paredzama
liela robota gala instrumenta vertikala nobide attieciba pret
bazi. Sados gadijumos robots parasti izies caur singularitates
konfiguracijam, Saja pieméra izveleta KUKA KR500
arhitektiiras locitavas singularitate uzrada kolinearu ceturto un
sesto asi. Ir labi zinams, ka tadas singularitates konfiguracijas
var novest pie bezgaligi lieliem locitavu atrumiem un
momentiem [2], tad€] no tam ir jaizvairas. Literatlira eksisté
trfls pamata pan@mieni, lai izvairitos no singularitates [3]:
Jakobiana transpon&Sana, Jakobiana pseidoinversija un slapeta
mazako kvadratu Jakobiana inversija. Visas tris metodes ir
labi zinams, un eksisteé augsti specializeti algoritmi Tpasi
slapéto mazako kvadratu metodei. So piegajienu pamata ideja
ir samazinat locitavu asu pieaugumu normu — vé&lams ar
svertam asu izvelém, apejot singularitates punktu. Batiski, ka
sverta slapéto mazako kvadratu Jakobiana inversijas metode
(WDLS) ir 1pasi piemérota, lai noverstu robota vadibas
problémas, kas saistitas ar singularitatém, ka ari ir zinams, ka
ta ir stabila singularitasu tuvuma.

Lai gan ir zinams, ka WDLS metode ir efektiva praksg, tai
tomér ir dazi trikumi, pieméram, sckoS$anas kludu
apvienoSana gala instrumenta vai tuvojoties singularitatei , ka
arT neliela raustiSanas parslégsanas punktos. STs Tpasibas var
klat nevélamas gadijumos, kad gala instruments parvieto
trauslu kravu. DE] Siem iemesliem, $aja raksta ir piedavats
jauns panémiens, kur§ izmanto virtualo papildus asi (1. att.),
kura visas ar singularitates apieSanu raditas kludas var tikt
savaktas viena virziena (2. att.), un kur§ izpilda visu kustibu
bez parslégsanas punktiem. Ar So pap€mienu var kompensé&t
rupjas bazes kustibas, samazinot draudus pozicijas nobidei,
atrumam vai paatrinajuma lielumam, Iidz ar to izvairoties no
avarijas apturéSanas, kura noved pie neparedzamam gala
instrumenta kustibam. Tika pielietots industrialais robots ar
kinematiski konsekventu robota asu vadibu, Iidz ar to robota
dinamiku nav nepiecieSams nemt véra. Sie aspekti tiks
apskatiti turpmakajos rakstos.

VI. SECINAJUMI

Robota kinematisko ierobezojumu ieklauSanai tiek
piedavata vienkarSota metode, kura ir apakskopa no metodes,
kuru izveidojis Kroger un Wahl [8]. Kopuma nemot, izveidota
robota vadiba ir robusta pie lielam vilpu kustibam, izmantojot
KUKA KR500 arhitektaru. Visbeidzot, mazako kvadratu
polinoma izmanto$ana nodroSina vienmérigu atruma un
paatrinagjuma  novértg§jumu, kas nepiecieSams  robota
robezlielumu saderibai.
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1. att. Robots ar virtualo papildus asi q,
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2 att. Robota meérka kustiba pie modelétas vilpveida bazes kustibas ar
vertikalo amplitidu H =2.6 m un paraugoSanas laiku At = 0.04 s, att€lota
atbilde uz locitavas singularitatém. Gadijums (a) bez papildus ass WDLS
metode, gadijums (b) ar virtudlo papildus ass metodi.
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1. BBEJIEHUE

Jis GonpLIMX CMEIIEHHH OCHOBaHMS po0OTa, HAIpUMep,
BbI3BaHHBIE Ha KOpaOJIiX BOJHAMH C KOPOTKUMHU HIIH
JIIUHHBIMHA l"p€6HﬂMI/I, CJIy4aroTCs 60.]'H)HH/IC BCPTHUKAJIBHBIC
nepeMenieHus pabodyero opraHa OTHOCHTENIBHO OCHOBAHUS
pobora. B Takux cnyuasx poOOT OOBIYHO NPOXOIUT
MOJIOKEHUE CHUHTYIAPHOCTH, KaK Ha IpHMepe BBIOpaHHOM
apxutektypel KUKA KR500, cuHrynspHOCTh —Hamsl
M0Ka3aHa KOJUIMHEApHBIMU 4YETBEPTOM M ILECTOM OCSIMH.
W3BecTHO, 4YTO TakWe IMOJO0XKEHUsI CHUHTYISIPHOCTH MOTYT
BBI3BaTh OECKOHEYHO OONbIINE MOMEHTHI Ha cycraBax [2] u
CIICOBAaTENbHO  JOJDKHBI  OBITh  HpedoTBpamieHsl. B
JUTEepaType  BCTPEYalOTCsl  TPU  OCHOBHBIX  MeEToJa
MPEIOTBpAIlEHUs] CHHTYJSIpHOCTH [3]: TpaHCIIOHMpPOBaHUE
Matpuibl SIKOOM, TICeBIO-UHBEPCHBIH MeToa SIkoOu wu
anroputm JleBenbepra-Mapxsapara (AJIM) . Bee Tpu Metona
XOPOILO U3yYCHbI u CYLIECTBYIOT BBICOKO-
CIEeLUATM3UPOBAaHHbIEC AITOPUTMBI, 0c00eHHO At AJIM.

Hecmotps ma TO, uto AJIM XOpomo mnpWMEHUM Ha
MIPAaKTUKE, HMMEIOTCA TakXKe HEKOTOphle HE3HAYUTEIIbHBIC
HEeOCTAaTKH, TaKWe, KaK CMEIIMBAaHHE OLIMOKH CIICKEHHUSI
paboyero opraHa WM IpH NMPUOIMKEHUN K CUHTYJISIPHOCTH, a
TaKKe TEHACHIMA K HeOONbIIMM MONEPrHBaHUAM B
MEPEeXOJHBIX TOYKaX. Takue O0COOEHHOCTH MOTryT OBITh

HEIPUEMIIEMbIMHU npu nepemMeniCHNn YYBCTBUTCIIbHBIX
T'py30B. H03TOMy, B HaCTOSIIJ.IefI CTaTb€ Mbl IIpe€ajlaracm
HOBBIM METOA, HCHOHL3yIOIJ.IPII>1 BUPTYaJIbHYIO

JIOTIOJHUTENBHYI0 och (Puc. 2), rae Bce omnOKu, BEI3BaHHBIE
n30eraHueM CUHTYJISIPHOCTH, MOTYT OBITh CKOHIIEHTPUPOBAHBI
B OJTHOM MHIUBHIyaJlbHOM HarpasieHud. (Puc. 6), u KOTopsbIit
JeicTBOBan Obl Ha TPOTSIKEHHHM BCEro JIBIDKCHUS 0e3
MEepEXOJHBIX TOYeK. B TakoMm ciy4ae, pe3KHE JBHIKCHHS
OCHOBaHHsI MOTYT ObITh CKOMIICHCHPOBaHBI, yMEHbILIAS KakK
OTACHOCTH HAPYUICHHS MOJOKEHHUS, TaK M IPEIeNbl CKOPOCTH
M YCKOPEHHS, M3-3a KOTOPBIX MOTYT CIy4aTbCs aBapUilHBIE
OCTaHOBKHM, KOTOpPBIE TPHUBOIAT K  HENPEICKa3yeMbIM
JIBIKCHUSIM HCTIOTHUTEIILHOTO OpraHa.

VI. BBIBO/IbI

Jns yuuThIBaHUSI KMHEMAaTUYECKUX OIpaHUYCHUH poloTa,
MBl MpeJUlaracéM YIpOLIEHHBIH METOJ, KOTOPBIH sBIAETCS
pou3BOAHbIM OT Metona Kpérepa u Baama [8]. B nemnowm,
OpUBEACHHBIH  METOJ]  yIHpaBieHHs poOoTa  IoKasal
HaJEKHOCTh TNpH OONBIINX BOJHOOOPA3HBIX JBIXKEHHAX
BBIOpaHHOM apxuTekTypbl Manumyiastopa KUKA KR500. B
3aKII0OYCHUU, AITOPUTM IOJMHOMHAIBHOM amIIPOKCUMAIMU
HaUMEHBIIMX KBaApPAaTOB O0ECHEYW] TOYHBIE PACUETHI
CKOPOCTH M YCKOPCHUSI JUIi IPOBEPKH COOTBETCTBUS
HpezenaM BO3MOXKHOCTEH poboTa.
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Puc. 2. Po6GoT ¢ BUPTYaIbHOMN JOIOIHUTEIBHON OCBIO (.7
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Puc. 6. LleneBoe aBikeHHe pobGOTa MPH CHMYJIHPOBAHHOM BOJHOOOpa3HOM
JIBDKCHHH OCHOBAHHsI C BEPTUKaIbHOM amrumntynoii H=2.6 M u BpeMmeHeMm
BbIOOpKH AT=0.04 C, MOKa3bIBasi peaklMio CHHTYJSIPHOCTEN Handsbl. (a) MeTos
AJIM, (6) MeTo[ ¢ BUPTYaJIbHOI1 JOMOIHUTEIIBHOIT OCBIO.
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