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Abstract—This study focuses on synchronization of kinemati-
cally redundant robot manipulators in task space under the ef-
fects of parametric uncertainty and time-varying communication
delay.Weconsiderasjointand/orend-effectorvelocitiesarenot
measurable and to overcome this problem we propose a linear-
filter, which has a model-free structure. It is assumed that the
position error and linear-filter output signals are shared over a
directed communication topology under theeffect of time-varying
communicationdelaytoguaranteetheend-effectorsynchroniza-
tionbetweenrobotmanipulators.Controlobjectivesareachieved by
proposed output-feedback (OFB) robust controller and with the
help of a combination of Lyapunov and Krasovskii stability
analysis,wereachtoauniformlyultimatelyboundedresult for both
tracking and synchronization error signals. Finally, we
presentthesimulationresultsonasystemwith3three-linkplanar
robot manipulators to validate the feasibility of the suggested
controller mechanism forsynchronization.

I. Introduction

Design of general control structures for the use of robot
manipulators in industrial applications has been an active and
challenging research area in control engineering for many
years. In parallel to the recent technological developmentsand
appearance of new technologies, the size and scope of
industrial applications arealsodrastically changing. Giventhe
requirements in this area, it is clear that a single robot
manipulator will not suffice for the required tasks such as
assembly, welding, painting or transportation.For this reason,
itisnecessarytoprovidecoordinationofmultiplerobotmanip-
ulators with the use of communication structures so that they
can performa pre-plannedtask in a collaborativemanner.The
coordinated control structure to be designed must ensure that
the end-effectors of the robot manipulators in operation are
synchronized before reaching to a desired trajectory and track
thetrajectorysimultaneously.Besides,manipulatortrajectories
for specific tasks to be performedare usually designed in task
space by using the position that the end-effectors of the robot
manipulators are to be located.

Also, redundancy in the manipulator structure, i.e. the
structure that the dimension of link position variables n is
greater than the dimension of operation space m, has an
important role on dexterity [1].

©Copyright2020
ISSN:2356-5608

JansetDasdemir
Department of Control and Automation
Yildiz Technical University
Istanbul, Turkey
Email:janset@yildiz.edu.tr

In literature, most of the recommended control structures
needvelocitymeasurementsof joints and/orend-effectors,be-
side their positions. The velocitysensors used forthis purpose
are generally expensive and give noisy measurements, that
may affect the system, negatively. Another subject that needs
to be discussed aboutsynchronizationis the time delay caused
by communication during the information sharing between
robot manipulators. There are several proposed controllers
assuming that there exist constant and bounded time delays,in
literature. Considering a real communication system, it can
not be expected that the time delay in the whole system hasthe
same value during the operation or the time delay value
between each agent is the same [2].

In[3],theleader-followersynchronization wasprovided
bythevelocitysignalobtainedfromanvirtualagentwith the
assumption of exact model knowledge. In [4] and [5], global
asymptotic synchronization was guaranteed by usingan
adaptive control structure. Also, in [5], time-varying com-
munication delay and redundancy were taken into consider-
ation.Undertheassumptionofmeasurablejointvelocities in [6]
and [7] adaptive based controllers were suggested for directed
communication topology with constant time-delay. Recently,
Phukan and Mahanta suggested in [8], a full-state feedback
sliding mode controller for the synchronization of non-
redundant robot manipulators.

In this work, we purposea comprehensivesolution forOFB
synchronization of robot manipulators in task space. For the
replacementofvelocityerror,inspiredby[9],alinear-filter is
designed. With thehelp of thesurrogate signal generatedby
linear-filter, trajectory tracking problem of each agent is
solved without measuring joint and/or end-effector velocities.
Toovercometheparametricuncertaintyofdynamicmodel,we
suggested a robust controller. It is assumed that the position
error and linear-filter output signals are shared over a directed
communicationtopologyundertheeffectoftime-varyingcom-
munication delay to guarantee the synchronization between
robot manipulators. Also, redundancy problem is taken into
consideration. Performing a combination of Lyapunov and
Krasovskii stability analysis, we reach to a uniformly ulti-
matelyboundedresultforbothtrackingandsynchronization
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error signals. Finally, we present the simulation results on a
system with 3 three-link planar robot manipulators to validate

thefeasibilityofthesuggestedrobustOFBcontrolstructure
forsynchronization.

II. NotationsandMathematicalPrelimineries

TheEuler-Lagrangebasedformulationofdynamicmodel forn-
link,revolute, directdriverobotmanipulatorisgivenby
thefollowingform[10]

M(q)a"+C(q,q)q +Faq +G(q)=T @Y)

Duetopagelimitation,readersarereferredtosee:

- [10], [11] for the properties of given model and signals
in (1),

- [12],[13]forthepropertiesofJacobianmatrixJ(q),
pseudo-inverse Jacobian matrix J*(g) and their relation
with task-space.

II. OutputFeedbackTask-SpaceSynchronization

A.ProblemDefinition
In this study we focused on the end-effector position
synchronizationofmultiplerobotmanipulators,whileeach of

them follows the given desired trajectory. To ensure the
tracking goal for each robot manipulator in the system
withthedynamicalmodelgivenin(1),thepositiontrackingerror
eilt)ER™(i€S, {1,..,N})isdefinedas

£ = T — I (2

wherex(t) € Rmstandsforactualpositionandx(t) € R
symbolizes thedesired trajectory given totherobot manipu-
lators.

B.Linear-filterDesign

Since we assumed that joint and/or end-effector velocities
are notmeasurable,basedon thesubsequentstability analysis, we
design a linear-filter rs € Rmas

re= pi- (ku+ 1)e; 3)
wherep;(t) € Rtisanauxiliaryvariablewiththedynamic
equation
pi=—(ku+1+a)pi+((kui+1)?+o(kit+1)—(k+1)+koi)ei—efi
“

Inthe given equation, ki ko;ER™, o ERlare positive
constant gains and o is same for all agents. es(t) is an
auxiliary variable with the following dynamics

e’ fi= - ksief+ re (&)
withapositiveconstantgainks; € R Dynamicsof(3)
canbepresentedas,

ra=- arfi- (ku+1)Ji(gi)nitkziei- ef (6)

wheren;(t) € Rmisanauxiliarysignalasfollows
ni=J*(qi)(rsitei+xai) + (In- J*(qi)Ji(qi))gi- q'i.(7)
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Givenvectorfunctiong(.) €  Rnristhesub-taskfunction, that is
chosen according to pre-defined sub-task, e.g. joint
limitation,manipulability,obstacleavoidance,etc.Ifwedefine
sub-taskerrorasen=(/y- J+(qi)Jl_i(qi))(gi- q'l-jitiseasy
toshowthate  n=(/n- Ji(qi)J?(qi))niwhich meanswe
canregulateeyaslongaswecanregulaten;.Forfurther
informationthereaderisreferredto[ 12],[ 13].Fromthispoint, for
ease of presentation we will use the notation

z=J*(g)(r +e+x  )+(I  -J7(g)(q))g.
1 i i 1 di n i i U1
®)
Alsowecandefinethetimederivativeofpositionerroras
e'=Ji(gi)ni- rri- eiandthejointvelocityasq’i=z;- ..
C.ErrorSystemDevelopment
Toobtainthedynamicformulationforerrorsystem,wetake the

time derivative of (7), multiply both sides with Mi(qgi),
substitute (6), ejand use g ifrom E-L model given in (1), we
yield to the open loop dynamics as

Min'=Ci(q;,q'1)q i+Faiq i+Gi(q:)- Ti+Wi(qi)q':
+Mi(gda) - (a+1)rsi- kaiddqi)n:
+(koi- 1)e;- ef+Xai )
withWj(g;) € R
Wi(q)g =Mi(qi) Jitqi(rr+ei+xai)
+(- J (qi)Jilqi)- JH(qi) (i) gi

+(In- J*(qi)Ji(gi))g i (10)

Byusingthedefinitiongivenforg;andPropertyCi(g;, ¢i)v=
Ci(g; V)i, wereformulatetheopen-looperrordynamicsas
Mi(qi)n"i=- Mi(q:)J*(gi)kili(qi)ni- Ciqiq )n:

- Faini- Wilqi)ni- Ci(qini)zi- Ti+Yili

1n

whereY;9; € Rrisalinearparameterizationof

Yi9i=Ci(qi, zi) zi+Faizi+ Gi(q:)+ Wi(qi) zi
+Mi(qi))*(qi) - (a+1)rp
+(kzi- 1)ei- e+X qi.(12)
denotingVYi(xai Xdi, X di, Xi, i, €;, €, £, 9i) € Rnxrthe
regressionmatrixand®; € R'systemparameters,e.g.mass,

intertia,frictioncoefficients.Based ~ onthesubsequentstability
analysis, we design the controller as follows

T=Yi9 i+J1(qi)- vilkui+1)ratyikaiei
=

IR, 5 +edF 6Ty g (13)
JES;:
withsynchronizationparttsn
Tsyn=k4ij(ei(t)‘ ej(t‘ Tl](t)))
- (ku+1)ksij(rri(t)- rg(t- Ty(t))) (14
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In (13), © istands for the constant estimated values of system
parameters. First three terms in pharantesis are for tracking
problemofeachrobotmam ulator,withthenonlineardamp-
igterm|| Y|[(r g ~givenin(13), symbohzesthe
communicationamongagentsmthesystem i.e.6;=1 if agent
ireceives information from agent j, otherwise ;=
0,andgjisasubsetofecontainingallagentsthatsendinforma- tion to
agent i. Terms in Tgynensure the position synchroniza- tion as
well as the velocity synchronization between agents,
respectively.Thesignalsej(t - Ti(t))andrg(t- Ti(t))
represent time-varying delayed position error signals and sur-
rogate velocity error signals transferred over communication
links.BasedonthesubsequentLyapunov-Krasovskii[ 14]
stabilityanalysis,thetime-varyingdelay T;j(t)isacontin-
uouslydifferentiablefunctionandT'ij(t)=dij<1

[, vi koi k4ij, ks € R marethepositiveanddiagonal
controlgainmatrices.

By substitutingthe controllaw (13)into (11), we obtain the
closed loop dynamics for ni(t) as

.Given

Mi(qi)n i=—Mi(g)) " (g kiidi(gi)ni—CiGi, G )N
— Faini—Wi(qi)ni—Ci(qi, ni)zi+ Yo i

—JT(qi)—vi(kii+1) rri+yikziei

+Ti|| Yill2(ra+ei)+ (15)

e} jTsyn

Jen;

D.StabilityAnalysis

Theorem 1 :Consideringasystem,thatconsistsofNrobot
manipulatorswiththedynamicstructurein(1),thefilter
structureof(3),(4),(5)andtheOFBrobustcontrollergiven
by (13), guarantee uniform ultimate boundedness of tracking
and synchronization errors in the sense that

q
Iy(tli= *mytoNEexpt=KeyFr=

_ T e )
where
yit)=n()T ; ra®T  en(®T  eft)’  eqn(d)T
and
ean(t)= Sle(t)- eft- TOPT 4
SUMIT Silra(t)- rg(t- TE))T
with
1 n
A= r%;in My, Amin (Vi) , Amin kail,

Amin {rl]<41‘] }//\min {ksy}

Asj= ~max mzi,/\max{)/i},/\max {kzi},

2 bl
A ik {k }.
ax  5ij

max

},A

47 m (16)

In(16),miandmsisymbolizethelowerandupperbounds
ofjMi(gi)ll,respectively.Allclosed-loopsignalsremain
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TABLEI:RobotParametersandControllerGains

Parameters&Gains Robotl Robot2 Robot3
o1 0.4752[kg.m=] | 0.32[kg.m=] | 0.5666[kg.m?]
P2 0.12[kg.m?] 0.0819[kg.m?] | 0.1594[kg.m?=]
s 0.108[kg.m?] | 0.0725[kg.m?] | 0.1442[kg.m?]
6.1 1.2684[kg.m?] | 0.8528[kg.m?] | 1.4993[kg.m?=]
8- 0.3884[kg.m?] | 0.2587[kg.m?] | 0.485[kg.m?]
85 0.045[kg.m?] | 0.0304[kg.m?] | 0.0626(kg.m?]
JFaa 5.3[Nm.s] 4.6[Nm.s] 4.8[Nm.s]
Jaz 2.4[Nm.s] 1.9[Nm.s] 1.6[Nm.s]
Jds 1.1[Nm.s] 0.8[Nm.s] 1.2[Nm.s]
IA 0.2[m] 0.3[m] 0.25[m]
I3 0.25[m] 0.3[m] 0.35[m]
I3 0.25[m] 0.3[m] 0.25[m]
k1i 0.5,0.5 0.5,0.5 0.5,0.5
kaoi 22 22 22
k3i 50,50 50,50 50,50
Kk4ij 35,35 35,35 35,35
ksij 60,60 60,60 60,60
vi 33 33 33
I 0.01,0.01 0.01,0.01 0.01,0.01
o 15 15 15

Fig.1:CommunicationTopology.

bounded,aslongasthepositivegainssatisfyfollowingconditions

a= . A2ax{ky+1H(1-dy)
AAmini{Ksij
l"{ﬁwi ket 22 Aot
/\mm{ksy} 4/\min{k5ii}d2ij
g@{ksu}(l dij)
4Amin{k5ij}
>
A k>t lz(O)IF-T(MPEHIVIF)+ 66
min 11 Co; 1 i i i ies; lili
k71 A2 {k4y} ri
= — mex 4
Vi 4da 4da
k 22 Aksiy Ty ksi sy Ak}
Koi= 4 e =2t ol o =R8ipmady
(3 4yi i i 4Yi
w vy oLy L
Amin (ki) >1 + u, u,
i itay 4 Ad3; 4(1- dy)
1 =
kK >1+ .k > 60d?
61 X 7i agli i
4(1- dy) ieS;
= =
ksi>  Stilnxn, koi>  61i0a1id
1€S; 1€S;
where 6. = 2Az kgt +A2 (ks ),
2] max max
62=A2 max {k4ij} A2 ax {k5ij} 593ij=/\2 max {k4ij} +

ok i kst withtheupperboundofiy;(g;)li=jsjand
thesubindice/standsforotheragentsinthesystem,that
receiveinformationfromagenti.
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Proofl.:Tobeginthestabilityanalysis,wedefineanon- negative
function as

Vi(t)= Vi4i(t)
ien
C
12
= T T T
= ) niMinit+eiyikzieiteryief;
ien
+riyirsi

+ Sijlei(t)-ej(t —Ty(t)"
JEi
x&j(ei(t)_ej(t_rij(t)))
+  Siledt)—edt—Ty(t))*
i J

JED; )

x ksij(r7(t)— rg(t —Ti(t))) 17

thatcanbeupperandlowerboundedasA,jlyil2<Vii= )
AailydeDifferentiating(17)withre specttotlmean& substi-

tuting(6),(5),e’i,(15)withsomealgebraicmanipulationswe
obtain C

> h i

V.l(t)S _mlijlii+A11?1in{k1i}IIr’iII2

=1 .
i
+ llze(®)+ r(lill =+ YillAlndl 2
1 ~
+ G lI2=kllr
al:
— SijiAmin{kai} — 1+ 4
yISIars B
1 ! 2
+——— ei(t)—ej(t—T;(t
g ) lei(t)—e;( ) i ))iII
- 5 - ke—(1+
‘ P 4(1=dy)
JELi
x|l rr(t)—rg(t— Ti(2))?
+ 1 8y(1-dy)Oslini(t-Ti()II
i
+ O dy1-d y)0a4llei(t-T H(D)>
i‘e[},‘
+ Siy(1-dy)lles(t—TuH())I?
JEL;
> b
+ 6ijd3(1—dij) Osijll rs(t—Tii(t)) |12
JEL;

7i ﬁ"z_k"§l ﬁ"z_k gilleuz
1-dy  (1=dy)

4d3;

(18)

wherej,;andj, jarélowerboundsofiyi(g:)llandiy;(g:l, *

respectively. Toanalyzethestabilityoflastfourtermsindi-

catingtime-delay,wedefineaLyapunov-Krasovskiifunctional as
=¢ = [

Vii(t)+ 6ii61ij
JEU;

J ¢
e,-T(w)ej(w)dw
t—Tj

Vo(t)=

i€

n; (w)nj(w)dw
t—Tj

- 2
+ 6ij0aiid" 45

JEen;

> It
+ 51'1'631'fd2ij

jED;

riw)ri(w)dw
Ty
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Fig.2:End-effectortrajectories(a) Withoutsynchronization
(b)Withsynchronization.

D

J
+ ="t eflw)es (w)dw

(19)

Jjedi =Ty

that can be boundedsimilar as Vy;and we can write the upper

bound for V ((t
ounzor ;(()has i

V()< - mo jivA {k) e
2 ih 111117 min 11 i i
+ lz(t)+r(IVIP+HMe)+ 66 il
i i i i lili i
i€S;
1. N = '
+_"0|F' ki 71 = 59[1 3lld?1"r“2fi
al; . .
h €Sy
Ksi- Otin llesi”
h > i
koi- 816210 ;;  Jefp
= h i1€S;
1-di (1-dj
-5 Ay min{k@}_“_z_,_!_zl .
; 4 4ds;
JES; i y
1
+ lle(t)z e(t-TENIP 5
H1h dy) ' j v,
- 5k (14 1!
iooi T gy
JES; J)
*IIrgilt) - rg(t- Tii(e)IP (20)
Forthegeneralsystem,wecanreform(20)as
1
Vs(t)=- 2 +
2(t)=<- Kivi ar 1Pl @2n
andwecansolvethedifferentialinequalityas[15]
Withs Ay (O)Pexp( - Kt} I2(1 r-gxp! - Ko)).
22)

From(22),wecanconcludethaty(t)isboundedasgiven
inTheorem1(i.e.n; rs; €; efi, €syn € Lo). Underthe

assumption that desired trajectory xqiand its derivatives, sub-
task function g(t) and g'(t) are all bounded, by employing
standardsignalchasingarguments, wecansaythatallsignals
remainbounded.

IV. NumericalStudies

Thesuggestedfilter-basedrobustsynchronizationscheme
wastestedinSimulink™ofMatlab™,usingthree3-linkplanar
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Fig. 3: (a) Position errors of each robots (b) Synchronization
errors.
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Fig. 4: Joint positions (a) Without subtask function (b) With
subtask function.
robotmanipulatorswiththedynamicmodelpresentedin
[16] and parameters given in Table 1. It was assumed that
linklengthsareknownandtheotherparametervalueswere
estimatedtobe20%,30%and15%forRobot1,2and
3incorrect,respectively. Time-delayvaluesoncommunica-
tion graph were taken as Ti».= 0.1 + 0.06sin(t),To3=
0.12+0.05sin(0.5t), Ts,= 0.15+0.14sin(0.3t). The desired
trajectory of robot manipulators was defined as
X4i(t)=[0.6+0.1cos(t)0.9- 0.1sin(t)]Z[m]. Thesubtaskfunc-
tiong(t)was selected for all robots as g(t) =- 2(gs- g=+
0.5g1)[1- 11]7as given in [13], to obtain the optimum
linkconfigurationisgivenby (g3- 0.592)=0.5(g2- q1).
End-effector positions of robot manipulator are
presentedinFigure2(a)and(b).Itisclearthatundertheeffect of
synchronization, end-effectors of robot manipulators meet
before they tracktothegiven desiredtrajectory. Itcanbe
seenfromtheFigure3thattrackingerrorsofeachrobot and
synchronization error between them stay in a bound around
zero.  Finally, Figure 4  shows that sub-task
functiong(t)ensurestheoptimumlinkconfigurationofeachrobot
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manipulatorduringsynchronizationandtracking.

V. Conclusion

In this work, we presented a complete solution for cooper-
ative end-effector position synchronization of robot manipu-
lators under the effects of time-varying delay and parametric
uncertainties. We proposed a filter-based OFB robust control
scheme to achieve aforementioned control objectives without
velocitymeasurement. Theproposedstructureensuresthesyn-
chronizationunderadirectedcommunicationnetwork, with
auniformlyulimatelyboundedtrackingandsynchronization
errors. Future work will be on extending this result to global
asymptotic synchronization.
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