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Abstract: This paper presents a new decentralized adaptive control scheme for motion control of
robot manipulators built based closed-kinematic chain mechanism (CKCM). By employing the
synchronization technique and model reference adaptive control (MRAC) based on the Lyapunov
direct method, the Decentralized Adaptive Synchronized Control (DASC) scheme is developed. The
DASC scheme can ensure global asymptotic convergence of tracking errors while forcing all active
joints to move in a predefined synchronous manner in the presence of uncertainties and sudden
changes in payload. In addition, the control scheme has a simple structure that does not depend on
the knowledge of the dynamic mathematical model of a robot manipulator resulting in
computational efficiency of control scheme implementation. Results of computer simulation
conducted to evaluate the performance of the control scheme applied to control the motion of a
CKCM manipulator with 6 degrees of freedom are reported and discussed.

Keywords: Decentralized control; model reference adaptive control; closed-kinematic chain
mechanism; parallel robots; synchronized tracking control; Stewart Platform

1. Introduction

Robot manipulators, whose structure assumes a closed-kinematic chain mechanism (CKCM)
have attracted great attention from robotic researchers due to their advantages over their counterpart,
namely manipulators with open kinematic chain mechanism (OKCM) [1]. CKCM manipulators can
mitigate weaknesses of OKCM manipulators such as low stiffness, poor stability, small payload and
accumulated and amplified errors from link to link [2]. The CKCM was first employed in the design
and construction of the Stewart Platform (SP) that possesses 6 degrees of freedom (DOF) [3].
Nowadays, the SP has a wide application area in spacecraft simulation, medical rehabilitation and
high-speed assembly operation, vehicle dynamics, high-speed train dynamics, airplane dynamics,
drone manipulation, medical rehabilitation and high-speed assembly operation [4,31,32].

In order for a robot to track a desired trajectory, a closed-loop feedback controller employs
sensors to be aware of its surroundings and then adjusts appropriate control strategy to achieve a
desired performance like the way a human brain works. In general, robotic systems are complicated,
time-varying and highly nonlinear systems with uncertainties and disturbances in their working
environment [5]. Moreover, due to the closed-loop structure of CKCM manipulators, the motion of
each active joint is constrained by the motion of other active joints. Thus, the lack of synchronization
between active joints will lead to a large coupling effect, which degrades the performance of the
whole system or even damages its mechanical structure, especially at high speed and large payload.
Therefore, it is essential for a CKCM manipulator to possess a synchronized controller that has the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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capacity to adapt and improve itself under changing conditions without human intervention and to
force each active joint to follow its desired trajectory as close as possible while synchronizing its
motion with the other active joint’s motions in a defined synchronous manner.

Recently, synchronization method based on the cross-coupling control technology has been
developed to solve the above problem by allowing each control loop to receive feedback from itself
as well as from the others to achieve better coordination and then improve the manipulator
performance significantly [6]. This approach is a powerful tool for not only CKCM manipulators but
also systems that require multiple objects to operate simultaneously to achieve a common goal such
as swarm of mobile robot [7,8] or multiple robotic manipulator systems [9,10].

Most existing synchronized control schemes are model-based adaptive control schemes [11,12]
and their implementation requires a precise dynamical model of the manipulator [13-15]. Due to the
fact that it is difficult if not possible to acquire a precise dynamical model of the manipulator and its
associated mathematical calculation is computationally intensive, these synchronized control
schemes are not suitable for real-time applications of CKCM manipulators particularly of those with
more than 2 DOFs. To tackle the above dynamic modelling issue, robotic researchers have considered
intelligent approaches such as fuzzy logic [16,17] and artificial neural network control schemes
[18,19]. However, these intelligent controllers exhibited shortcomings such as assurance of stability,
high computational demand, slow convergence rate, and time-consuming training process. Finally,
the authors in [20-22] considered synchronized control schemes that have simple structures and do
not require the knowledge of the manipulator dynamics in the implementation of their control laws.
However, their controller gains must still be selected based on conservative estimates of the
manipulator dynamic model, which could be problematic and impractical.

During the trajectory tracking processes, CKCM manipulators can be treated as a group of multi
OKCM manipulators holding the same payload. Hence, it is possible to develop a decentralized
control scheme in which each active joint is controlled independently to minimize the computational
cost and move synchronously to achieve the desired tracking performance of the moving platform
[22].

In this paper, we develop a new decentralized adaptive synchronized control (DASC) scheme
for CKCM manipulators. Unlike conventional decentralized control schemes [23], each sub-controller
of the DASC scheme receives feedback from not only its active joint but also from 2 neighboring ones.
Then, by applying the model reference adaptive control (MRAC) technique based on the Lyapunov
direct method into the synchronized control method, the DASC scheme guarantees the global
asymptotic convergence of tracking errors to zero, while synchronizing all active joint’s motion and
overcoming uncertainties and disturbances. Moreover, the DASC scheme whose controller gains are
updated by an adaptation law driven only by the actual and desired trajectories of active joints is
computationally efficient and thus is suitable for real-time applications.

The structure of this paper is as follows. Section 2 describes the synchronization control method
and Section 3 presents the development of the DASC scheme. Section 4 presents and discusses the
results of a computer simulation study conducted to evaluate the effectiveness of the DASC scheme
in comparison with another existing adaptive control scheme. Section 5 concludes the paper with
summary and future research directions.

2. Synchronization Control

For a CKCM manipulator with n active joints, the synchronization goal can be described by

q:(8)  qa(t) _ 4@

1 ®  4®  qam®

where gqq; and g;(t) denote the desired and actual trajectory of the i
If all ratios in (1) are equal or in other words, if Equation (1) is valid, then all active joints will

Q)

th active joint, respectively.

move in a synchronous manner [20]. However, considering synchronization of all active joints may
lead to a heavy computational burden especially when the number of active joints is large.
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We proceed to rewrite (1) as a set of subgoals

() g ()

qai®)  qair1 () )
From subgoals (2), synchronization functions are defined as
Alan®, 0,01 = 121D _ g
qa1 daz
AG) _ q3(t)
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Using Taylor Series [30] to expand (3) at the desired joint trajectories qg4;(t) to obtain

filai (), g1 ()] =

L faldn(®),q: ()] =

j=it1 [3f,(.)
fila: (), 4141 (O] = fildai (), qaiv1 ()] + Z [ aqj ] {q]-(t) —Qaj ® + O[qj (t)]} =
j=i q,(t)
=22 Laaj 1l gp5(0) + 0[q;(0)] 4)
q,(®)

where O[q i (t)] denotes the higher order terms.
Considering only the first-order derivative, then (4) becomes

[q. ) _ 9ei® _ eina®) _
filai(®), 41 (O = 55 = =5 =0 (5)

where
9ei(0) = qai(t) — q: (D). (6)
and q.;(t), qq;(t), q;(t) denote tracking error trajectory, desired trajectory and actual trajectory of the
ith active joint, respectively. Next, we define the synchronization errors as [20]
£1(t) = p1(£)ge1(t) — P2(£)qe2(t)
£2(t) = p2(t)qe2(t) — P3(£)qe3(t)
: 7
() = Pi(OGei () = Pira (O eiss (O @

£n(t) = Pu(O)Gen() = P1()er (6)

where ¢; represents the synchronization error of the i*" activejointand p;(t) = ﬁ
di

bounded. Obviously, if all synchronization errors in (7) are equal to zero, then the synchronization

and ¢;(t) is

goal (1) is automatically achieved.
It is noted that by making all ¢;(t) = 0, only the synchronization goal is achieved. However, the
goal of the control scheme is to drive both tracking and synchronization errors to zero.
Consequently, an error encompassing both synchronization and tracking should be defined.
Thus, we define the cross-coupling errors that combine both tracking errors and synchronization
errors as [29]

e1"(t) = qer () + B [ [e1 (W) — en(W)]dw
e2" (1) = qea (®) + B J, [2(W) — &s(W)]dw

: . 8
e’ () = qei (V) + B [ [e:(w) — &1y (w)]dw ®

en"(®) = qen(O) + B f, [n(W) — £y (W)]dw
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where f is a positive coupling parameter and e;*(t) represents the cross-coupling error of the i*"
active joint. From (7) and (8), it is noted that the local controller of each joint receives feedback
information from not only itself but also the two neighboring ones.

3. Development of the DASC Scheme

The dynamics of a robot manipulator having n active joints can be expressed in joint-space as
(23]

M(q)G+N(q,4) +G(q) + H(q) = T(¢t) ©)

where g is the nx1 vector of joint displacement, M(q) is the n x n symmetric positive definite inertia
matrix, N(g,q) is the n x 1 Coriolis and centrifugal torque vector, G(q) is the n x 1 gravitational
torque vector and H(q) is the n x 1 frictional torque vector.

The ith subsystem of the dynamical system (9) can be written as the following decentralized
form [23]

M (@G () + [5=1mi;(q)d; (t)] +n;(q,9) + gi(q) + h;(q) = T;(t) (10)
j#1
where T; is the control input of the ith active joint.

Asseenin (10),the ith subsystem not only contains the gravity, friction, Coriolis and centrifugal
torque, namely n;(q,q) + 9;(q) + h;(q) for the ith active joint but also is coupled between it and

the remaining subsystems shown by the term [Z?zl m;;(q)4; (t)].

j#1
Let
di(q,4,§) = X5 m;;i(q)g; (t) +ni(q,q) + gi(q) +
%1
hi(q) (1)
Then (10) becomes
m;;(q)G;; () +d;i(q,q,4) = T;(t) (12)

Next, we define a command vector ui(t) as

w () = qui(®) + B [ [en(W) — gn_yW)]dw + a [ e (w)dw  (13)

t

where qg;(t) denotes the desired trajectory of the i" active joint and « is a positive constant.

We also define a generalized error ri(t) as

(1) = w () — q(t) = & () + a ) e’ (w)dw (14)

Now a control law for the ith subsystem in (10), can be defined as

Ti(8) = fi(©) + [koi (O)1:(8) + ky; (O)7: ()] + [a; () () + by ()1, (8) + ¢; (£)ik; (¢)] (15)

Substituting (15) into (10) in light of (12) and dropping the subscript i for simplicity, we obtain
the error differential equation in terms of the generalized error r(t) which is indeed ri(t) as

mi(t) + k(7 (t) + ko(Or(t) =d — f(t) —a®u(t) — b(O)u(t) + (m — c)ii(t) (16)
()
7(6)

Let us define the 2x1 position-velocity error vector X(t) = ( ) and then express Equation

(16) in a state space form as

0-(5, )10+ (2)+ 2o+ (a0 (Do o
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where the variables A;= %,’ A=, el =, b, A= 29

controller gains k, (t), ko(t), f(t), a(t), b(t),and c(t).
Equation (17) represents the “adjustable system” in the framework of MRAC. Next, the desired
performance of the i*" active joint can be specified in terms of a second-order homogeneous

contain the adjustable

differential equation
Fn(t) + 20875, (1) + 0?1y, (t) = 0 (18)

where ¢ is the damping ratio,  is the natural frequency and 7,(t) represents the desired
trajectory of r(t).
Equation (18) can be written in a state space form as

. 0 1
En(@ = (_p _p,)Xm(® = DXn(®) (19)
where D = <—(l))1 _})2), Xn(t) = (:Zgg), D, =w?, D,=2wé and 7,(t) and 7,(t) are the

desired generalized position error and velocity errors, respectively.
Equation (19) represents the “reference model” and its solution is found as

Xin(t) = exp(Dt) X, (0) (20)

which under the assumption that the initial values of the actual and the desired trajectory are
identical. In other words, X,,(0) = 0 yields X(0) = 0.
We define the adaptation error vector E(t) as

E@®) = Xn(t) — X(©) €2y
Then from (17) and (19), we obtain

(La,) i+ (L )i® @

Now, the controller adaptation laws will be derived to achieve the control objective, expressed
by X(t) — X, (t) or E(t) —0 as t— oo. To achieve this, we select a Lyapunov function candidate
v(t) [23] such that

v(t) = ETPE + Q,(Ag — Ag")?* + Q1 (A =Dy — Ay")? + Q,(A,—D, — Ay)* +
Q3(A3 — A3")? 4+ Qu(Ay — A2 + Qs(A5 — A5™)? (23)

where A", A%, ..., A" are function of time and Q,, @y, ..., Qs are arbitrary positive scalar.
To stabilize the linear part of (22), it is sufficient to choose ¢; and w; such that the matrix D
becomes Hurwitz, or all eigenvalues of D have negative real parts. If so, there exists a symmetric

P, P
positive definite matrix P=[ Pl PZ ] to satisfy the following Lyapunov Equation
2 I3

PD + DTP = —Q (24)

for any arbitrary symmetric positive definite matrix Q.

Finally, from [23], particularly in the section entitled Derivation of the Adaption Laws, the
derivative of v(t), namely v(t) will be negative definite of E(t) when we choose the following
adaptation laws

£©) = £(0) + 1,00 + 1y [, Q(w)dw
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ko(t) = ko(0) +1,2(Or () + ¥4 [ Q(w)r(w)dw

ey (8) =k (0) + ,Q(07(8) + A f; QwW)F(w)dw

a(t) = a(0) + L2AOU + gy [; Aw)u(w)dw
b(8) = b(0) + P ADU(E) + 1 f AW)E(W)dw

c(t) = c(0) + 3 V() + 0y [, Aw)il(w)dw

where n4,V¥1, 44,14, p1,01 are positive constant and 17,,V,, 1, Uy, p2, 0, are zero or positive
constant, Q(t) = P,r(t) + P;7(t) where P, and P; are positive constant, depending on the
reference model. Furthermore, f (0), k, (0), k; (0), a (0), b(0), c(0) which are the initial

conditions of f(t), ko(t), ki(t), a(t), b(t), c(t), respectively, can be set arbitrarily.
As a result, X(t)— 0 as t— oo results in

e () + B fot e;"(w)dw
& (t) + Pe;"(t)

Then, ¢;*(t) — 0 and ¢é;"(t) — 0 ast— oo [27]. Thus, q.;(t), Ge;(t) arebounded from (9) and
from differentiating (9). Moreover, &;(t) are bounded from differentiating (8), then g (t) are

— 0 ast— oo.

uniformly continuous since every function which is differentiable and has bounded derivative is
uniformly continuous [24].

From Barbalat's Lemma [26], suppose that f :[0,00] > R is uniformly continuous and its
derivative is bounded. Then, f(t) — 0 as t— oo holds. Therefore, ¢;(t) — 0 as t— oo since &;(t)
are uniformly continuous and é&;(t) are bounded. From (8) and (9), &(t) — 0 and ¢;"(t) — 0
results in e;(t) — 0 ast—> o forall i =1 — n. Therefore, the control objective is achieved.

It is noted that the adaptation laws are solutions for controller gain matrices of control law (15)
and based on the actual, desired performances and their derivatives. Furthermore, we note that the
control law (15) consists of three terms

e  The first term f;(t) represents auxiliary signal to improve the tracking performance and partly
compensate for disturbance d(t)

e Thesecond term /”(t) = [ko;()7i(t) + ks ()7 (0)]= [koi(t) + ale;* (¢) + ako; (1) [ " (W)dw] +
ky;(t)e*(t) represents the PID feedback controller

e  The last term ‘[if f () = [a;(Ou; () + b;(H)u;(t) + c;il; (t)] represent the feedforward controller
The structure of the controller is shown in Figure 1. The required inputs of ith controller is the

desired position, velocity, acceleration of its active joint. The required measurements are the actual
positions and velocities of its active joint and 2 adjacent ones.
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Feedback
®=1 Controller

1

Figure 1. Decentralized adaptive synchronized control scheme of the ith active joint.

4. Computer Simulation Study

This section presents and discusses results of a computer simulation study conducted to evaluate
the effectiveness of the developed DASC scheme applied to control the motion of a 6- DOF CKCM
manipulator with properties listed in Table 1. The computer simulation study is carried out using
MATLAB/Simulink. Figure 2 shows the Simulink model of the manipulator.

AB AS

Al

B4

Figure 2. Simulink model of the 6-DOF CKCM.

Table 1. Parameters of the 6-DOF CKCM manipulator.

Plant parameters Value
Base radius (m) 0.36
Platform radius(m) 0.27
Initial height (m) 0.5
Base offset angle (deg) 2.5
Platform offset angle (deg) 10
Mass of the platform (kg) 4.92
Mass of the leg cylinder (kg) 10.29
Inertia coefficient of the platform, Ixx (kg*m2) 0.09
Inertia coefficient of the platform, Iyy (kg*m2) 0.09

Inertia coefficient of the platform, Izz (kg*m2) 0.18
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For comparison purpose, the developed DASC and the traditional adaptive controller developed
by Seraji in [23] are employed track a reference model with the desired damping ratios and natural
frequencies chosen as wi = 10rad/s; {i=1, fori=1, 2, 3,..., 6. We aim at comparing the performance
of the DASC with the Seraji Controller when tracking a circular path in the X-Y plane, described by
the following equations

x(t) = 0.1cos(2mt) (m)
y(t) = 0.1sin(2mt) (m)
z(t) = 0.5 (m)

a(t) = () =y() = 0 (rad)

where a(t), B(t),y(t) are rotations about the x(t), ¥(t), z(t) axes. To evaluate the adaptive ability
of the above controllers, a 40kg payload is suddenly applied at the center of the mass of the moving
platform at time t=3 sec.

Figure 3 and Figure 4 show synchronization errors of the 2 controllers. From these figures, the
DASC scheme can guarantee the global asymptotic convergence to zero of synchronization errors
while the Seraji Controller cannot.

Figure 5 and Figure 6 show the tracking errors of 2 controllers. As seen from these figures, before
a payload is applied, the Seraji Controller needs more time to force the manipulator approach to the
steady state. When the payload is applied at 3s, the system with the DASC scheme enters the steady
state after t = 3.5s while the Seraji Controller cannot. Moreover, the steady-state errors of the DASC
scheme are much smaller than those of the Seraji Controller.

Figure 7 and Figure 8 illustrate the trajectory tracking of 2 controllers in the X-Y and the X-Y-Z
planes, respectively. As shown by these figures, the Seraji Controller gets off track at the beginning
and after the introduction of the full payload. Moreover, the DASC scheme has a better adaptation to
track the motion with a much smaller deviation from the desired trajectory until the end of the
motion.

Table 2 shows that the average absolute position errors and the tracking and synchronization
errors of the 6 legs of the manipulator of the DASC are significantly smaller than those of the Seraji
Controller.

8 %107 Synchronization errors of Proposed A-S controller
T T T T T T T

Synchronization error (m)
o
—% P

Figure 3. Synchronization errors of DASC Controller.
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Figure 4. Synchronization errors of the Seraji Controller.

s %107 Tracking errors ofProposed A-S controller
T T T T T T
— — Leg1
—-—-leg2
2 RS Leg 3 | |
— — Leg4
—-—-Lleg5b
........ Leg 6
4 -
'
- 2 i
E
5 l
5 |
5]
Ll I
kel
.‘5‘
o
2, | i
-4 + -
6L i
_8 L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10
Time (s)

Figure 5. Tracking error of the DASC Controller.
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%1078 Tracking errors of Adaptive controller
T T T T T T

— — Lleg1
—-—-leg2
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BNk e e
{AGIIRE S e TS
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Figure 6. Tracking error of adaptive controller.

X-Y planar response
T

0.05 T
— Desired
— — Proposed A-S controller
-------- Adaptive controller
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-0.05 b
E
g 01} -
©
s 0.016 0.02
-0.15 b
02+ 4
025 1 1 1 1 1
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

X axis(m)

Figure 7. Trajectory tracking in X-Y plane.
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0.506

Desired
Proposed A-S controller
Adaptive controller

0.504

0.502

E 0.5
&
N 0.498
0.496
0.494
0
-0.05
-0.1
-0.15
Yaxis (m)  -02 o, o8 06 -004 002 O 002 004 0.06 —o\ﬂ
: X axis(m)
Figure 8. Trajectory tracking in X-Y-Z plane.
Table 2. Average absolute errors.
Seraji DASC
Controller Controller
X(mm) 0.508 0.0226
Y(mm) 0.501 0.0284
Z(mm) 0.28 0.0947
e;(mm) 0.379 0.0988
e,(mm) 0.323 0.0905
ez(mm) 0.318 0.0909
e,(mm) 0.375 0.0972
es(mm) 0.331 0.0832
eq(mm) 0.341 0.0860
& (mm) 0.5109 0.0021
& (mm) 0.6637 0.0122
&3(mm) 0.6245 0.0156
&,(mm) 0.7342 0.0176
&s(mm) 0.3961 0.0117
ge(mm) 0.8946 0.0211

5. Conclusion

In this paper, by treating the trajectory tracking control of a CKCM manipulator as synchronized
control of multi OKCM manipulators, we developed a new decentralized adaptive synchronized
controller, called DASC for CKCM manipulators. The developed controller does not require any
knowledge of the manipulator dynamics and guarantees the global asymptotic convergence of both
tracking and synchronization errors while overcoming uncertainties and sudden changes in payload.
Computer simulations conducted to study the performance of the DASC Controller in comparison
with the Seraji Controller show that the DASC has better tracking performance. From our computer
simulation study, we conclude that in general, adaptive controllers with synchronized error control
perform better than those without it. Further work is to apply the DASC in controlling motion of real
CKCM manipulators and compare its performance to that of existing adaptive controllers.
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