Desired task-space fixed-time tracking by an
uncertain robotic manipulator with a tunable
convergence time independent of initial conditions

Alireza Zanganeh? Ali Abooee” ", Mohammad Mahdi Jalili®

&¢ Department of Mechanical Engineering, Yazd University, Yazd, Iran
b* Department of Electrical Engineering, Yazd University, Yazd, Iran, aliabooee@yazd.ac.ir

ABSTRACT

This paper proposes.a novel nonlinear fixed time control structure for robotic manipulators in the presence of
modeling and parametric uncertainties and unknown friction torques. The control objective is to ensure accurate
tracking of a prescribed task space trajectory. The proposed control framework is constructed by integrating the
terminal sliding mode control method with two sets of nonlinear adaptation laws. One set of suggested adaptation
laws estimates unknown physical parameters of the robotic manipulator’s dynamical model while the second set
estimates unknown coefficients associated with joint friction torques. Applying the nonlinear control torques,
generated by the proposed control framework, ensure that the end effector tracks the desired trajectory with exact
zero steady state error after aspredetermined fixed time which it is independent of initial conditions. Using a
collection of practical lemmas and well-known inequalities, the paper analytically proves that the introduced
control structure guarantees the global fixed time stability in the presence of all aforementioned uncertainties. The
stability analysis also yields a nonlinear formula for calculating the convergence fixed time. The nonlinear relation
reveals how the convergence fixed time depends on the proposed control structure’s arbitrary parameters. Finally,
numerical simulations onto a 2-DOF robetic manipulator demonstrate that the end effector precisely reaches the
desired trajectory within the fixed time.
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1. Introduction compensation, feedback linearization, backstepping
control,/ adaptive control, fuzzy control, and neural
networks [2-3]. Sliding mode control (SMC) is widely
recognized for'its invariance to matched disturbances and
uncertainties [4]. However, conventional SMC method
only guarantees <asymptotic tracking, where error
convergence ‘t0 zerq' requires infinite time [5]. To
accelerate convergence, Terminal SMC (TSMC) was
introduced [6, 7]. Although this controller ensures that

error converges to zero in finiteitime, T(x,) depends

Over past five decades, robotic manipulators have
played a crucial role in facilitating and accelerating
repetitive, precise, and hazardous industrial tasks,
replacing human labor across manufacturing, assembly,
machining, and service sectors. In applications such as
automated material handling, precision painting, plasma
cutting, and robotic surgery, central technical
requirement is enabling end-effector to track prescribed
task-space trajectories with high reliability and accuracy.
To achieve desired task-space motion, joint actuators
must generate appropriate control torques such that joint
positions track reference trajectories derived from
inverse kinematics. From an automatic control
perspective, an n-DOF rigid robotic manipulator is
modeled as a highly coupled, multi-input multi-output
nonlinear dynamical system. Designing control torques
that simultaneously guarantee rapid transient response,

explicitly on initial state magnitude |x,|. This paper
introduces a novel robustfixed-time adaptive TSMC
framework. Primary contributions include
comprehensive dynamics modeling which‘formulates an
n-DOF robot model incorporating unknown.parameters,
unmodeled disturbances, and unknown’ joint<friction
parameters. For online estimating physical‘parameters
and friction constants, integrates two sets of nonlinear

robustness against external disturbances, and closed-loop
stability represents a formidable challenge. Various
control methodologies have been developed for
manipulators, including PID control with gravity

adaptive laws. This paper also mathematically proves
global fixed-time stability of robotic manipulator using
proposed composite Lyapunov functions.



2. Methodology

Dynamic model for an n-DOF robotic manipulator
subject to uncertainties, external disturbances, and joint
friction are denoted in (1).

M(q)G+C(a,6)d+G(q)+F(d) =7 +rgis 1)

where £q,6,GeR" are vectors of joint positions,
velocities;“and accelerations. Moreover, M(q)eR™",
C(q,q) eRnxn ,
manipulator model, F(¢)eR" represents friction torque.

G(gq)eR" are matrices of robotic

Control torques. defined by reR" and r4 eR"
represents bounded disturbances y, . For any arbitrary

vector w and matrices of robot manipulator, regressor
form in (2) ‘can ‘“always< be derived where

Y (d,q,w,Ww)e R™™ is a regressor-matrix and ® e R"™ is

a vector of robotic manipulator’s unknown physical
constants. Throughout this paper, <t is,assumed that

{l©]< 7o} where upper bound g is knowniand given.

M(q)w+C(a,q)w+G(q)=Y(¢.q,W\W)0 2

Joint friction vector could be expressed in linear
regressor form as  F(d)=Y:(d.... 4,)®  where
Y; (G-, G,) eR™™" is a friction regressor matrix‘and
©; e R™ is a vector of friction’s unknown parameterss
It is worth mentioning that || <e, | always holds

where y, is known and given. In this study, reference
trajectory vector and its derivatives are defined as

)=t 0, | 0[] an

Gy (t) = G, i, - i, T. It is assumed that these
mentioned vectors are given. As an objective control,
reR" should be designed such thatq(t) precisely reach
qe(t) after a fixed time T, and the global fixed time

stability of the closed-loop robotic manipulator is
fulfilled. By defining tracking errors as

eodd(t) q( ) qd( ) and eeven (t)éQ(t)_Qd(t) ' the
mentioned fixed-time tracking objective is transformed
into the global fixed-time stabilization problem of
dynamical system of tracking errors denoted in (3).

li = 3
taITmm €odd (t) 0 €0 (t) -0 ( )
. and Vt>T,,
lim e, (t)=0 €even (1) =0
t—>Tiot
The vector of sliding manifolds

t)=[s, s, ... sn]Te]R" is proposed as (4).

{s(t)—q t)-K(t) 4)
K(t) =dq () -y (t) - 4(t)

where elements of two vectors v =[y; v, ... z//n]T
and ¢=[4 ¢ .. ¢n]T are defined as (5) for

i=123,...,n

t t 5
vi= ﬂzHJ.OSigaZi’l (ezm(’())d"‘* ﬂziJ.OSiQaZi (ezi ("))d" ©)

4= IZHJ.;sig/}ZH (eZi,1 (K))dl(‘ +ly J.tsig/’2i (eZi (K))dl(‘

0

where for j=1,2,3...,.2n, sig“"(xj)é|xj|aj sign(x;) and

sig” (xj)é|xj|ﬂj sign(x;) - N (8), stz ttai-1» by @nd Iy 4
are positive coefficients. For {i=123, ...,n}, a, and
B, are arbitrarily chosen from intervals {1-¢ <a, <1}
and {1<pB, <l+&} where ¢ and & are two optional
small positive values. For {i=1,2,3,...,n}, power

coefficients «,_, and g,_, are determined using two
{%i—l =ay, (2 —ay )71} and

{ﬂZi_l = Py (Z—ﬂZi)’l} . The vector of control torques is

relations

proposed in (6) where >0, &>0, & >0, and
{1<r <2} are four arbitrary coefficients. In (6), notation

sig” (s(t)) represents |s(t)|'sign(s(t))

T(t)=—us(t) - (rgs +& 5|gn(s(t)) £,sig" ( ()) +E (6)
=2Y (q,qKK)( fq) ZQ
:—Yf(

(
Q ——Y(q g,K K) ( )mgn(s) Q, )®f( )mgn(s)
).

Qi ==y, Y (qq,K K)mgn( 94:77(” (q)sign(s)

Notice that ©(t) and ©.(t) are updated using two

adaptation laws denoted in«(6)awhere I'e R"*" and

A eR"™ ™ are arbitrary positive-definite matrices. It is
mathematically proven that by utilizing the proposed
control structure (introduced=by (4), (5).and (6)), the
aforementioned fixed-time tracking objective is ensured
for robotic manipulator (1) and the /convergence fixed
time T,, is independent of initial conditions:

&(t)=-T Y (.6,K.K)s(t) ®

O, (1) =—AY] (4)s(t)



3. Results and Discussion

In this section, the proposed control structure is
numerically simulated onto a 2-DOF robotic manipulator
and obtained results are presented. Figure 1(a) shows the

time responses of q(t) and desired trajectory
Gy, (t)=sin(t+7/5), while figure 1(b) presents time
responses 0y (t) and desired trajectory
Gay(t) =sin(ts 27/5) . From figure 1, it could be observed
that (g, (t) and q,(t) exactly reach g (t) and gy, (t)

within:3.55 seconds:

(@) —q,

—ememeqd = Asin(t + pif$)
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Figure 1 Time responses of angular displacements of two
joints related to 2-DOF robotic manipulator
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Figure 2 Time responses of “G)(t)” and “C:)f (t)”

Figure 2 (a) and (b) shows time responses of “G)(t)“ and
“(:)f (t)” . By focusing on figure 2, it is revealed that “@(t)”

and “é)f (t)” precisely converge to constant values after

0.4 second.

4, Conclusions

In this paper, a comprehensive dynamic model of robotic
manipulators subject to parametric uncertainties, external
disturbances, and unknown friction torques was
presented. By combining TSMC method and two
adaptation laws, a hybrid adaptive fixed-time nonlinear
control structure was proposed and introduced for the
comprehensive dynamic model of robotic manipulators.
By defining two novel Lyapunov candidate functions and
mathematical analysis, it was demonstrated that proposed
hybrid nonlinear control framework is able to ensure the
fixed-time tracking objective for the robotic manipulator
within an adjustable fixed time independent of initial
conditions. Also, an explicit nonlinear relation between
the convergence fixed time and the proposed control
structure’s optional parameters was derived. Finally,
computer-based simulations onto a 2-DOF robotic
manipulator illustrated that end-effector exactly reaches
desired trajectory within the fixed time.
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Table 1. Introduction of tunable parameters incorporated in both proposed nonlinear control structures .
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Table 2. Selected values of optional parameters appeared in the first proposed nonlinear control structure
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Fig 1. Angular displacement trajectories of robotic manipulator joints obtained using the first proposed control structure
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Fig 3. Time-domain responses of "@(t)" and ||(3)f (t)" by applying the first proposed control structure
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Table 3. Selected values of optional parameters appeared in the second propesed nonlinear control structure
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Fig 7. Time-domain responses of "@(t)” and ||(3)f (t)" by applying the second proposed control structure
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