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ABSTRACT

This paper presents a robust control method for the trajectory control of the robotic manipulator. The standard
Computed Torque Control (CTC) is an important method in the robotic control systems but its not robust to system
uncertainty and external disturbance. The proposed method overcome the system uncertainty and external disturbance
problems. In this paper, a robustification term has been added to the standard CTC. The stability of the proposed control
method is approved by the Lyapunov stability theorem. The performance of the presented controller is tested by
MATLAB-Simulink environment and is compared with different control methods to illustrate its robustness and

performance.

Keywords: Computed Torque Control, Linear Matrix Inequality, Robotic Control, Robotic Manipulato.

1. Introduction

Today, the robotics systems enter into many
applications such as, industrial applications,
manufacturing, medical fields, and space
application [1] . Precise positioning is an important
desired feature of the robot manipulator. The robot
manipulator can be considered as a nonlinear
system that suffering from high nonlinearity and
external disturbance. The main problem is how to
control the robot taking into account the system
uncertainty and external disturbance. However, in
recent years, significant and rapid progress had
been made in the field of control, to solve the
control problem. Different control strategies have
been proposed. PID control proposed by many
researchers because Due to its simplicity and ease
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of implementation. Abhishek and Dayal presented
PID controller optimized by Particle Swarm
Optimization (PSO) to stabilize the gait humanoid
robot [2]. Ignacio proposed design an adaptive PID
controller based reinforcement learning [3].
Structured and unstructured uncertainties and
external interference, it is difficult to obtain an
accurate dynamics model of the robotic arm.
Therefore, many control schemes for unknown
dynamic models of robot manipulators have been
proposed. A robust control strategy is an important
method that can handle the system uncertainties
and disturbances. Sliding mode control (SMC) is
an effect robust control method that applied
successfully in  control different robotic
manipulators.in [4], SMC is combined with fuzzy
logic technique to control robot manipulator in task
space. Mary and Kara presented robust control
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method for control 2 links robotic arm by using
Linear Matrix Inequality (LMI) to tune the control
gains [5]. In (Wu and Huang , 2021), fraction
fractional calculus utilized to design hybrid
controller with the sliding mode control for
trajectory tracking of mobile robot manipulator. In
(Chen et al. , 2019), radial basis function neural
network used with SMC for control n links robot
arm taking into account the actuator dynamic.
However, the Chattering is the important drawback
in SMC [8,9]. CTC is an efficient control used in
robotic control problem. CTC method require
knowing the dynamic of robotic arm and in
practice, determine the accurate dynamic of robotic
arm may be difficult [10,11,12]. Thus, this paper
proposed a new method that can improve the
robustness of the standard CTC against system
uncertainty and external disturbance.

2. Dynamic Model of
Manipulator

the Robotic

The dynamic model of the robotic arm system
can be written as follows:
M(@)i+C(qPq+F(@+G6(@)+75=71...(1)
where q, q,§ € R™ refer respectively to the angular
position, velocity, and acceleration vectors of
robotic manipulator joints, M(q) € R™™" refers to
the inertia matrix, C(q,q) € R™ denotes a
centripetal and Coriolis vector force, F(q) € R™ is
the friction torque vector, G(q) € R™ represents
loading of the gravity, T; € R™ is the external
disturbance, and T € R™ refers to the joints torque
vector. In particular applications, getting the
accurate dynamic of the robotic manipulator are
not easy due to model uncertainties and external
disturbance. Therefore, the model uncertainty can
be included in the dynamic model as follows:

M(q) = My(q) + AM(q) (2
€(q,9) = Co(q,9) +AC(q,q) ..(3)
F(q) = F,(q) + AF(9) (4
G(q) = Go(q) +AG(q) ..(5)

where Mo(q) , Co(q,4) , Fo(q) , and Go(q)
represent the nominal model of the robotic system

and it can be known, whereas AM(q),AC(q,q),
AF(q) and AG(q) denote the uncertainty part of
the robotic manipulator dynamic model and it
cannot be determined exactly. In this paper, we
assume the following:

Assumption 1. The desired trajectories q; with
their first and second derivatives g, and ¢, are
continuous and bounded as follows:

lqa(B)] < Mgy, |qa(t)] < Mgz, |Ga(t)] < Mgs,
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...(6)
with My, , My, , and Myz; being positive

constants[5].

3. Computed Torque Control

Computed torque control is an important
control method that applied successfully in robotic
system control when there is no model uncertainty
Then, the dynamic model in (1) becomes

Mo ()G + Co(q, )4 + Fo(§) + Go(g) = 7 ..(7)
The standard CTC is
T= Mo(Q)(‘?d - kp e — kvé) + Co(q, Q)q +
Fo(4) + Go(q) (8
e=q—dqa (9
where e is the tracking error, k,, and k,, are the
proportional and derivative control gain matrices.
By substituting (8) in (7),
Gag tkpe+k,e=0 ...(10)
It is obvious that the roots of (10) will lie on the left
half plane if the control gain matrices k,, and k,
are positive, which implies that the actual
trajectory can track desired trajectory and error
signal will converge to zero.

4. Proposed Robust Ctc Design
A robust CTC controller will be presented to

improve the performance of the CTC. The
proposed control law is

T =ufTC 4y (1)
utTt = Mo(‘l)(q.d - kp e — kvé)

+Co(q,4)q + Fo(q) + Go(q) -.-(12)
where

u¢T¢ is a standard computed torque that defined in

().
u" is a robust control term that can handle the
system uncertainties and external disturbance.

Design of robust compensator controller

To solve the problem robustness of the standard
CTC, the following control is proposed:
u™ =k sign(ye(t) + é(t))

Where

k is the gain of the robust term, y is a positive
constant.

Sign is the sign function.

...(13)

Theorem 1. Consider the robotic manipulator
dynamic model (1) with the proposed control law
in (2), the closed loop controlled system will be
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stable and the tracking error and its derivative will
converge to zero.

Proof. The Lyapunov function candidate selected
as follows:
S =ye(®) +€é(t) .(14)
4r =qa +v(Qa—q) -.(15)
By simple calculations it can be obtained the
following

$(6) = dr =4 (16)
S =4r—4g -.(17)
V(t) = %STMS ...(18)

V(t) = STMS +3STMS ...(19)
=STMS +57¢cS ..(20)
= ST[M(Gy — §) + C(gr — @] (21
= ST[M§, + C4, — Mg — Cq] .(22)
=ST[M§, +Cq, +F + G — 1] ...(23)

Sub (11) in (23)

V(t) = ST[Mg, + C4, + F + G — uT¢ + u™]

...(24)
Sub (12) and (13) in (24)
= ST[M‘?T + qu +F+G-— Mo(q)(qd -
kp € — kvé) - Co(q' Q)q - FO(Q) - Go(CI) -
k sign(S)] ...(25)
Let
p(t) = Mgy + Cqr + F + G — Mo(q)Gqg —
Co(QrQ)q_Fo(Q)_Go(Q) ...(26)
= ST[P(f) - MO(Q)(kp e+ kve)(Q)
—k sign(S)]
..(27)
V(t) = S"[p(t) — kyM,(q)e — kyM,o(q)é(t) —
k sign(S)] ...(28)
V(e) = S"[p(t) — Mo (@)ky (k™ kpe + &(1)) —
k sign(S)] ...(29)
If parameters k,, and k,, selected as follows
ky 'k, = ...(30)
Sub (30) in (29), yields:
V() = ST[p(t) — k,M,S — k sign(S)] ...(31)
—STk,M,S + ST[p(t) — k] ...(32)

< =M, (DIl IS = NS+ Mo @IS

...(33)
If k selected large enough greater than p(t), then

V(t) < =My (@)l IS -..(34)
which implies that:
V(i) <0 ...(39)

As a result the stability of the controlled system in
(1) with the proposed control law in (11) is
guaranteed.
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5. Simulation Results

In this section, the performance and robustness
of the proposed control method is tested by
applying it on the two link robotic arm. Moreover,
the proposed method is compared with the standard
CTC method. Additionally, integral absolute value
error (IAE) performance index is used to examine
the tracking error performances in this comparison
that can be expressed as follows:

IAE = [\ ]e(t)|dt ...(36)
The dynamic model of two link robotic
manipulator is [21]:

[Tl] _ [A11 A12] ‘71] n

121 A1z A

—2bq, _ZQZ” ] [V1Q1] p1sgn(q1)
Gb‘h 0 V242 p2sgn(qz2)
Gﬂ ...(37)
with

Ay = mylf +my[If + 15 + 2141, cos(q2)]

Agp = my[lyl; cos(qz) + 13]

Apy = myl3

b = 2my,lyl, sin(q,)

z =myll; sin(q,)

Gy = mqLcigcos(qr) + mag[Leacos(qr + q2) +
Licos(q1)]

Gy = Myleag cos(qr + qz)

where q;and g, are angular positions, 7;and T, are
torques, L; and L, are lengths, m; and m, are
masses, v;, and v, are coefficients of viscous
friction, and p; and p, are coefficients of dynamic
friction of Linkland Link2, respectively. The
parameters of the robotic manipulator are selected
ass my =10kg, my=2kg, [, =11m, [, =
08m, P;=P,=30,and V; =V, =10. The

desired trajectory is q4(t) = [qq1 qq2 17, where
dq1 = sin(2mt) ...(38)
Qa2 = sin(2mt) ...(39)

The controller gains selected as follows: k,, =
3,k, = 5,k = 15.The robustness of the proposed
method and standard CTC are checked by varying
the parameters of the robotic system by 15% of
their nominal. Moreover, a sin(t) disturbance
signal is applied. At second 3, Angular position and
error in this position of robotic manipulators are
shown in Figures 1 and 2 for the proposed and CTC
methods. These figures indicated faster response of
the proposed method. The proposed method needs
approximately 0.06 seconds until tracking error
converges to zero. Tables 1 and 2 list the IAE for
proposed control scheme and CTC methods for
Link! and Link?2 respectively.
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Fig. 1. Results for system uncertainty.

These indices indicate that the performance of
the prosed control method is better than standard
CTC method in reduction tracking error. Finally,
it should be noted that all simulation results
illustrate good robustness of proposed method
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against system uncertainty and external
disturbance.
Table 1,
Performance of controllers under system
uncertainty
Proposed CTC
Link 1 0.3464 2.1859
Link 2 0.0419 1.7772
Table 2
Performance of controllers for disturbance rejection
Proposed CTC
Link 1 0.4679 2.7099
Link 2 0.0485 2.2542

6. Conclusion

In this paper, a robust control method proposed
for control a robotic manipulator. Robotic
manipulator is non-linear system, especially with
the inability to represent the system perfectly due
to the change in the parameters and the external
disturbance. Although, CTC 1is good control
method, but it’s not robust to system uncertainties.
This paper improves CTC method by adding a new
robust term
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Fig. 2. Results for disturbance rejection.

Moreover, Lyapunov theorem stability has been
used to approve stability of the proposed control
method. It was concluded from the simulation
results that there was a significant improvement in
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the performance of the proposed control in
response to external disturbance and uncertainties
in parameters of robotic manipulator. In future
work, reinforcement learning can be used to select
the optimal gains for the proposed controller
parameters. Moreover, the proposed algorithm can
be tested in the real robotic manipulator.
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