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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. We consider as joint and/or end-effector velocities are not
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 the effect of time-varying
communication delay to guarantee the end-effector synchroniza-
tion between robot manipulators. Control objectives are achieved
by proposed output-feedback (OFB) robust controller and with
the help of a combination of Lyapunov and Krasovskii stability
analysis, we reach to a uniformly ultimately bounded result
for both tracking and synchronization error signals. Finally, we
present the simulation results on a system with 3 three-link planar
robot manipulators to validate the feasibility of the suggested
controller mechanism for synchronization.

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 developments
and appearance of new technologies, the size and scope of
industrial applications are also drastically changing. Given
the 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,
it is necessary to provide coordination of multiple robot manip-
ulators with the use of communication structures so that they
can perform a pre-planned task in a collaborative manner. 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
the trajectory simultaneously. Besides, manipulator trajectories
for specific tasks to be performed are 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].

41

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

In literature, most of the recommended control structures
need velocity measurements of joints and/or end-effectors, be-
side their positions. The velocity sensors used for this purpose
are generally expensive and give noisy measurements, that
may affect the system, negatively. Another subject that needs
to be discussed about synchronization is 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 has
the same value during the operation or the time delay value
between each agent is the same [2].

In [3], the leader-follower synchronization was provided
by the velocity signal obtained from an virtual agent with
the assumption of exact model knowledge. In [4] and [5],
global asymptotic synchronization was guaranteed by using
an adaptive control structure. Also, in [5], time-varying com-
munication delay and redundancy were taken into consider-
ation. Under the assumption of measurable joint velocities
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 purpose a comprehensive solution for OFB
synchronization of robot manipulators in task space. For the
replacement of velocity error, inspired by [9], a linear-filter
is designed. With the help of the surrogate signal generated
by linear-filter, trajectory tracking problem of each agent is
solved without measuring joint and/or end-effector velocities.
To overcome the parametric uncertainty of dynamic model, we
suggested a robust controller. It is assumed that the position
error and linear-filter output signals are shared over a directed
communication topology under the effect of time-varying com-
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-
mately bounded result for both tracking and synchronization
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error signals. Finally, we present the simulation results on a
system with 3 three-link planar robot manipulators to validate
the feasibility of the suggested robust OFB control structure
for synchronization.

II. Notations and Mathematical Prelimineries
The Euler-Lagrange based formulation of dynamic model
for n-link, revolute, direct drive robot manipulator is given by
the following form [10]

M(q)i + C(q,q)q + Fag + G(q) = (1)

Due to page limitation, readers are referred to see:

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

[12], [13] for the properties of Jacobian matrix J(q),
pseudo-inverse Jacobian matrix J*(q) and their relation
with task-space.

III. Output Feedback Task-Space Synchronization
A. Problem Definition

In this study we focused on the end-effector position
synchronization of multiple robot manipulators, while each
of them follows the given desired trajectory. To ensure the
tracking goal for each robot manipulator in the system with
the dynamical model given in (1), the position tracking error
ei(t) eR™ (i € S & {1,..,N}) is defined as

(@)

where z;(t) € R™ stands for actual position and z4;(t) € R™
symbolizes the desired trajectory given to the robot manipu-
lators.

€; = Tdi — X4

B. Linear-filter Design

Since we assumed that joint and/or end-effector velocities
are not measurable, based on the subsequent stability analysis,
we design a linear-filter r¢; € R™ as

— (k1 + L)e; (3)

where p;(t) € R™ is an auxiliary variable with the dynamic
equation

Tfi =D

Di =
4)

In the given equation, ki;, k2; € R™", a € R! are positive
constant gains and « is same for all agents. ey;(t) is an
auxiliary variable with the following dynamics

5)

with a positive constant gain k3; € R™". Dynamics of (3)
can be presented as,

épi = —ksiegi +ryi

7pi = —arp; — (ki + 1) Ji(qi)ni + kaies —eps (6)
where 7;(t) € R™ is an auxiliary signal as follows
ni = J;7 (qi)(rpi+eitiai) + (In — J;(qi) Ji(i) gi — ¢i- (7)
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—(ku—|—1+Oé)pi+((k1i+1)2+a(/€1i+1)—(k1i+1)+k2i)€i—€fi-
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Given vector function g(.) € R™ is the sub-task function,
that is chosen according to pre-defined sub-task, e.g. joint
limitation, manipulability, obstacle avoidance, etc. If we define
sub-task error as ey = (I,, — J;" (¢:)Ji(q:))(gi — Gi) it is easy
to show that ex = (I, — J; (q;)Ji(g;))n; which means we
can regulate ey as long as we can regulate 7;. For further
information the reader is referred to [12], [13]. From this point,
for ease of presentation we will use the notation

zi = JH (@) (rpi + ei + 2ai) + (In — J; () Ji(0:)) gi-

(®)
Also we can define the time derivative of position error as
é; = Ji(qi)ni — rpi — e; and the joint velocity as ¢; = z; — ;.

C. Error System Development

To obtain the dynamic formulation for error system, we take
the time derivative of (7), multiply both sides with M;(g;),
substitute (6), é; and use §; from E-L model given in (1), we
yield to the open loop dynamics as

M;ni =Ci(qi, 4i)di + Faigi + Gi(qi) — 7o + Wilqi)di
+Mi(Qi)J;r(Qi)( —(a+ V)rpi — ki Ji(gi)ni

+ (ki —1)ei—eﬁ+;ﬁdi) )
with W;(g;) € R™"
Wila)d: =Mi(a:) (J5 (@) (rgi + €5+ )
+ (=S (@) Ti(@) = TF (a0) Ji(ai) s

+ (L = I (@) Ji(a))i ). (10)

By using the definition given for ¢; and Property C;(g;, <;)v =
Ci(qi, v)si, we reformulate the open-loop error dynamics as

M;(qi)ni = — Mi(q:)J; (qi)kviJi(qi)ni — Ci(qis Gi)mi
— Faini — Wi(qi)ni — Ci(qs,mi)zi — i + Yi0;
(11)

where Y;0; € R" is a linear parameterization of
Yiti =Ci(qi, 2i)zi + Faizi + Gi(q:) + Wi(gi)zi
+Mi(a:) 7 (00) (= (o Dy
+ (ks = Vi = egi+dai). - (12)

denoting Y;(%ai, Tai, Tai, Tis Gy €5 €fis iy 9i) € R the
regression matrix and 6; € R" system parameters, e.g. mass,
intertia, friction coefficients. Based on the subsequent stability
analysis, we design the controller as follows

7, =Yif; + JZT(QZ)( = Yi(k1i + D)rpi + vikaiei

FDYilE s+ e) + Y Gyman)  (3)
JES:
with synchronization part 7,
Toyn =kaij(€i(t) — €;(t — Ti;(t)))
= (kvi 4 Dksij (rea(t) —rg (6= T5(t)))  (14)
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In (13), él stands for the constant estimated values of system
parameters. First three terms in pharantesis are for tracking
problem of each robot manipulator, with the nonlinear damp-
ing term ||Y;||*(rs; + e;). &;; given in (13), symbolizes the
communication among agents in the system, i.e. §;; = 1 if
agent ¢ receives information from agent j, otherwise d;; = 0,
and S; is a subset of S containing all agents that send informa-
tion to agent 7. Terms in 7, ensure the position synchroniza-
tion as well as the velocity synchronization between agents,
respectively. The signals e;(t — T;;(t)) and rs;(t — T3;(t))
represent time-varying delayed position error signals and sur-
rogate velocity error signals transferred over communication
links. Based on the subsequent Lyapunov-Krasovskii [14]
stability analysis, the time-varying delay T;;(¢) is a contin-
uously differentiable function and 7j;(t) = d;; < 1 . Given
Ui, i, k2iy kaij, ksi; € R™™™ are the positive and diagonal
control gain matrices.

By substituting the control law (13) into (11), we obtain the
closed loop dynamics for 7;(t) as

Mi(qi)ni = — Mi(q:)J; (@i)kriJi(qi)ni — Cilqi, di)mi
— Faimi — Wi(qi)ni — Ci(qismi)zi + Yi0s
- JiT(qi)( — ik + D)y + yikaies

FTAYIR g+ )+ D by )
JES;

15)

D. Stability Analysis

Theorem 1: Considering a system, that consists of N robot
manipulators with the dynamic structure in (1), the filter
structure of (3), (4), (5) and the OFB robust controller given
by (13), guarantee uniform ultimate boundedness of tracking
and synchronization errors in the sense that

ly®ll < 1/ 322=1ly

where

Amax

ITK Ammin 0]2(1 — exp(—Kt))

(0)[Zexp(—Kt) +

y®)=[ m®T M7 en®” e’ ewn®” ]
and
el = [ Jle0 =T
o 8ij (ryi(t) —7p(t = Tiy(1)))"
with
1 .
Ali = imln{mlia)\min{'ﬁ}a Amin{k%}v
Amin{kaij by Amin{ksij }}
AQZ = %max{mgi, )\mam {’Yi}a Amam{k%}a
Aoz {is by Amaa (R } - (16)

In (16), my; and mo; symbolize the lower and upper bounds
of ||M;(g)|l, respectively. All closed-loop signals remain
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TABLE I: Robot Parameters and Controller Gains
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Parameters & Gains Robot 1 Robot 2 Robot 3
p1 0.4752 [kg.m?]|| 0.32 [kg.m?] 1|0.5666 [kg.m?
P2 0.12 [kg.m?] [[0.0819 [kg.m?]|[0.1594 [kg.m?
p3 0.108 [kg.m?][[0.0725 [kg.m?][[0.1442 [kg.m?
B1 1.2684 [kg.m?]|[0.8528 [kg.m?]||1.4993 [kg.m?
B2 0.3884 [kg.m?]||0.2587 [kg.m?]]| 0.485 [kg.m?]
B3 0.045 [kg.m?] 1{0.0304 [kg.m?][[0.0626 [kg.m?]
fa1 53 [Nm.s 4.6 [Nm.s 4.8 [Nm.s
fa2 24 [Nm.s 1.9 [Nm.s 1.6 [Nm.s
fas 1.1 [Nm.s 0.8 [Nm.s 1.2 [Nm.s
I 0.2 [m] 0.3 [m 0.25 [m
2 0.25 [m 0.3 [m 0.35 [m
I3 0.25 [m 0.3 [m 0.25 [m
kii 0.5,0.5 0.5,0.5 0.5,0.5
kai 2,2 2,2 2,2
k3i 50,50 50,50 50,50
kqij 35,35 35,35 35,35
ksij 60,60 60,60 60,60
i 33 33 33
T; 0.01,0.01 0.01,0.01 0.01,0.01
@ 15 15 15

&

Fig. 1: Communication Topology.

Rl R3

bounded, as long as the positive gains satisfy following
conditions

o Fois o Ammaadkiy + 1}(1 = diy)
Amin{ksij } AAmin{ksij }
Amaa{k2i} | Aaa{ke;}(1 = dij)
Amin{ksij } Aimin{ksij }d?j

)‘gmu{k Z]}(l — Z])

RS W

Amin{k1i} > Con, |2 0)]| + Ta( Vil + 1V l!) + Xies, ot

kri | Magikaig} | T
T o + 4o + 4o
JR— k 7 Afnam{k&:'} Fi L. — k i A?naz{kf)i'}
k22_7_9i+ 4’Yij +4—’Yz" kgz_’Y_Si—f_ 4%]
1—dy  (1—dy) 1
)\min k iJ 1 — —
thaig} > 1 =+ e Y i)
keij > 1+, kn S1i031:d;
6ij > +4(1—dij) 7>Zl3l 1i
€Sy
ksi > Y Oiilnen, koi > Y Siidauidy;
€S i€S;
where 1 = 3 (Ahaa{kai} + Aaedksii))
Voij = Aaptbaij} + Nogolksihs U35 = Aaolkag} +
a?X\2, .. {ksi;} with the upper bound of ||.J;(g;)|| > j2; and

the subindice [ stands for other agents in the system, that
receive information from agent <.
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Proof 1: To begin the stability analysis, we define a non-
negative function as

%1 (t) = Z Vu(t)
€S
1
) Z {W?Mmi + el yikoieq + e}i%efi
€S

TS

+ > b

JES;
X kaij (ei(t) —€j (t — Ty (t)))

—e;(t—Ti(1)"

+ Y Silen(t) — e (t— Ty ()"
JES;
X ksij(ryi(t) —rpi(t —Tij (t)))} a7
that can be upper and lower bounded as Ai;||y;|? < Vi; <

Aailyi|? Differentiating (17) with respect to time and substi-
tuting (6), (5), é;, (15) with some algebraic manipulations we

obtain
N
S Z { — [mh]h]ﬁ)\mzn{kll}} |\771||2

+ [I\Zi(t) TP+ 1) Il

1 ~
+ —_H9i|\2 = krillrpal® — k8i||€fi||2 — kailleil®
—di; | (1=diy)
= 32 e (b} = (10 72 + Ad3

JES;

JES;
X lrsi(®) =75 (t = Ty ()|
+ 3 81— dig) O ns (8 = T (D)1
JES;
+ ) Gid (1 = dig)Oaisles (¢ — T (D)
JES;
+ > 6i(1 = dig)lles; (t = Ty (1)1
JES;
+ Y igd (1= dig)Osislirss (¢ —Tij(t>>||2}. (18)
JES;

where j1; and j;f; are lower bounds of ||.J;(¢;)|| and ||.J;" (¢:)|
respectively. To analyze the stability of last four terms indi-
cating time-delay, we define a Lyapunov-Krasovskii functional

as
Va(t) = {Vn(t) + ) i / m; (w)n;(w)dw

ies JjES; —Tij

+ Z 51119213 LJ/

JES; Tij

Zézﬂgi’n] lj/

JES; Tij

ejr(w)ej (w)dw

ri(w)rs;(w)dw
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Fig. 2: End-effector trajectories (a) Without synchronization
(b) With synchronization.

+ Z /7T” e (w)efj(w)dw} (19)

JES; t=T;;

that can be bounded similar as V3; and we can write the upper
bound for Va(t) as

N
t) < Z { - [mlijliji‘;‘/\min{kli}} AR
=1
o+ lz6() + DYl + ¥l + Y G e
€S

1 -
g 10 = [k = 3 st sl

€Sy
- {k&' - 5liInxn} llesill?

— |:I€9»L' — Z 511'19211'61121-] ||61'||2

€S
1—dy  (1-dy)
- Z 51] |:)\mzn{k4lg} - (1 + 4 + 4d2
JES: ij
1 2
=) e = st = T @)l
1
= > iy [keis — (1 + ————)
s [ 4(1 — dij) }
X lrpi(t) —Tfj(f—Tz'j(f)NQ}- (20)
For the general system, we can reform (20) as
. 1 -
< _ 2 a2
Va(t) < —Klyll* + 11 @

and we can solve the differential inequality as [15]
—[|6]2(1 — exp(~K1)).

Iyl <
\/ (22)

From (22), we can conclude that y(t) is bounded as given
in Theorem 1 (i.e. 1;,7fi,€i,€fi,€syn € Log). Under the
assumption that desired trajectory x4; and its derivatives, sub-
task function ¢(t) and ¢(t) are all bounded, by employing
standard signal chasing arguments, we can say that all signals
remain bounded.

mazx ma:::

AT'K

ly(0)|[2exp(—Kt) +

min

IV. Numerical Studies

The suggested filter-based robust synchronization scheme
was tested in Simulink™of Matlab™, using three 3-link planar
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Fig. 3: (a) Position errors of each robots (b) Synchronization

errors.
Robot 1

Robot 2 Robot 3

0 0
= -0.5 -0.5
= -05
o -1 -1
-1 -15 -15
[ 50 100 0 50 100 0 50 100
2 15 2
- 15
™1 1 15 .
“ 05
0 0.5 1
[ 50 100 0 50 100 0 50 100
25 25
<2 2 2
o 15
1 15 1
[ 50 100 [ 50 100 [ 50 100
Time [s] Time [s] Time [s]
@
Robot 1 Robot 2 Robot 3
0 0 0
= -05 -0.5 -0.5
-15 -15 -15
50 100 [ 50 100 0 50 100
15 15
- 15
S 1
0.5 1 1
50 100 0 50 100 0 50 100
2 2 2
. /\/‘\/‘\/\/\/\/ . /\,\/\,\/\,\/\,\/\,\/\,\/ 15
1
[ 50 100 0 50 100 [ 50 100

Time [s] Time [s]

Fig. 4: Joint positions (a) Without subtask function (b) With
subtask function.

robot manipulators with the dynamic model presented in
[16] and parameters given in Table 1. It was assumed that
link lengths are known and the other parameter values were
estimated to be 20%, 30% and 15% for Robot 1,2 and
3 incorrect, respectively. Time-delay values on communica-
tion graph were taken as 775 = 0.1 + 0.06sin(t), Te3 =
0.124-0.05sin(0.5t), T5,1 = 0.15+0.14sin(0.3t). The desired
trajectory of robot manipulators was defined as x4;(t) =
(0.6 4 0.1cos(t) 0.9 —0.1sin(t)]” [m]. The subtask func-
tion g(t) was selected for all robots as g(t) = —2(q3 — g2 +
0.5¢1)[1 —1 1) as given in [13], to obtain the optimum
link configuration is given by (¢3 — 0.5¢2) = 0.5(¢2 — ¢1).
End-effector positions of robot manipulator are presented
in Figure 2(a) and (b). It is clear that under the effect
of synchronization, end-effectors of robot manipulators meet
before they track to the given desired trajectory. It can be
seen from the Figure 3 that tracking errors of each robot
and synchronization error between them stay in a bound
around zero. Finally, Figure 4 shows that sub-task function
g(t) ensures the optimum link configuration of each robot
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manipulator during synchronization and tracking.

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
velocity measurement. The proposed structure ensures the syn-
chronization under a directed communication network, with
a uniformly ulimately bounded tracking and synchronization
errors. Future work will be on extending this result to global
asymptotic synchronization.
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