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This paper discusses the difference between two tracking control
strategies for a two-link robotic manipulator and compares the tracking
results of the two strategies, in terms of accuracy and overshoots
prevention. The design and simulation of the control approaches are
based on the development of a nonlinear model for the complex
dynamics of the manipulator system. The system modeling is based on
Euler-Lagrange equations. The first strategy is a Proportional Integral
Derivative (PID) control. Its design is based on the trial and error online
tuning method, which is applied directly to control the two-joints of the
robotic manipulator. On the other hand, the second strategy is a novel
Model Predictive Control (MPC) strategy, which its design is based on
feedback linearization analysis technique that utilizes the nonlinear
model of the manipulator’s complex dynamics to design a feedback
linearization control strategy to work as a primary control loop. Then
based on the resulted linear model of feedback linearized system, a
linear MPC controller is designed and implemented as a secondary
control loop. The results of the experimental simulations showed,
particularly by comparing the time responses, that the MPC control
strategy has a performance superior to the PID control strategy.
Overshoots appeared when using the PID control strategy but they
disappeared when the MPC control strategy was applied.

I. Introduction

The research studies and development of control strategies
for robotic manipulators are increasing day by day in
industrial applications, where robotic manipulators play an
important role in the industry to increase quality and
productivity, because they have highly greater flexibility
and with improved accuracy, they can outperform the
normal fixed automation machines. The robotic
manipulators, particularly during industrial operations,
must be able to follow steadily certain trajectories
depending on the type of the end effector's job. Robotics
are mechatronic systems and require expertise in multi
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engineering domains. The control of a robotic manipulator
is the most challenging task, because even a one link
manipulator has a nonlinear complex dynamic behavior
[1]. Due to the nonlinear nature of the two-link
manipulator, special control systems are implemented to
move the robotic links accurately to the desired positions
[2]. The main purpose of this research is to make a
performance comparison of the two-links robotic
manipulator using a two different control strategy to
accurately move the robotic manipulator in the desired
trajectory. Overshoots demand special attention in
industrial tasks that require high speed and accurate
operations of robots in the presence of obstacles [3].
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Therefore, in this study, a novel control strategy based on
Model Predictive Control (MPC) will be used to stabilize
each link of the manipulator in a specified collision-free
trajectory and then comparing it with the performance of
the Proportional Integral Derivative (PI1D) control strategy
based on trial & error design, which is the most commonly
practiced in industrial control, due to their easy
implementation in both simulation and hardware systems
[4,2]. Both of the control strategies (PID & MPC) are
applied and considered to show, if they can drive the
manipulator system to specific angles and to investigate,
the effectiveness of the novel MPC strategy to eleminate
overshoots compared to the common industrial PID
control strategy designed based on trial & error method.
There are a lot of research work regarding the
improvement of the robotic system performance, e.g., in
[5], the research introduced a dual design of PID controller
architecture process that aims to improve system
performance by reducing overshoot and conserving
electrical energy, it was found to be an effective solution
for reducing overshoot and saving electrical energy in
systems. In [6] used model predictive controller for
trajectory tracking of a data-based model of a two-link
robotic manipulator. The results have shown that low-
order and data-compliant models can follow trajectories
with high precision. In [7], the research introduced, how to
derive an ideal transformed input based on dynamic model,
also in this work, the same idea is implemented, which is
the use feedback linearization analysis and control
technique. In [8], the research proposed the use of a
nonlinear MPC for controlling robotic manipulators; the
results have confirmed the robustness and effectiveness of
the nonlinear MPC. In [9], the work included a control
strategy for two degrees of freedom robotic arm using
dynamic model feedback linearization and model
predictive controller, the simulation results showed that no
overshoot has been canceled. In [10], a model predictive
control for trajectory tracking control of a two degrees of
freedom selective compliant assembly robot arm under an
external force acting to the tip of the robot along the
trajectory was performed. According to simulation studies,
successful results were obtained. In [11], the research
introduced MPC controller design for linearized two-link
robot arm model to control the movements of the robot
arm. The results revealed that the linearized MPC controls
the robot arm successfully in a very short time.

The structure of this paper is as following, in section Il, a
description of the two-link robotic manipulator is provided
with its dynamic model by using the Euler-Lagrange
approach, along with deriving the block diagram of the
nonlinear model. Section 111 presents first the proportional
integral derivate control strategy, which uses trial and error
method. Second, the feedback linearization of the
nonlinear dynamics is presented, which based on the
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linearization analysis technique, linearization by using
feedback, and on feedback linearization control as feed
forward control. Third, a model predictive controller and
its design is introduced by using feedback linearized model
of the nonlinear dynamics of the robotic manipulator.
Simulation models of both PID & MPC control strategies
and the simulation results are presented in section IV. In
section V, the conclusion is presented. Finally, the
references are given in section V1.

Il. Modelling of The Two —-Link Robotic
Manipulator [12]

A robotic manipulator is a type of mechanical arm, which
is programmable to functions similar to a human arm. The
links of such a manipulator are connected by joints that
enable rotational movement like an articulated robot. The
links of the manipulator can be viewed as a kinematic
chain [13]. Fig. 1, below shows the schematic diagram of
two links robotic manipulator.

y
I

Figure 1. Two-links robotic manipulator

The manipulator system consists of two bars with masses
m, and m,. The bars have lengths [; and [,. Let 6;and 6,
denote the joint angles in which the first bar rotates around
the origin and the second bar rotates around the endpoint
of the first bar, respectively. Moreover, 7, and 7, denote
the torques of the coordinates exerted on the joints 6, and
0,. Also, I; and I, are assigned to the inertias of motors
which drive the bars. Besides, w; and w, denote the
angular velocities, while, s; and s, denote the linear
velocities and the gravitational constant is assigned by g.
The effect of friction forces is assumed here to be
negligible.

A. Dynamics of the Two-Link Robotic
Manipulator

The dynamic model of the manipulator is obtained by
solving the Euler-Lagrange equations and these equations
are based on the partial derivatives of the Lagrangian.
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The first step in deriving the equations of motion using the
Lagrangian approach is to find the kinetic energy KE and
the potential energy PE of the manipulator system.

The equations for the x-position and the y-position of link1
are given by:

x;=1,c056; > x%,__1, sinb, .6, (1)
y, =1l sin6; - y,_1, cos 0.6, (2
st=x"+y,° @)
1 1
KEl = —mlslz + ey 110)12 (4)
2 2
Where w; = 91,
1 . 1 .
KEl = Emllzlelz +511912 (5)
1 . 2
KE, = E(m1lz1 +1;)6, (6)
PE, = mygl, sin6; )

The equations for the x-position and the y-position of
link2 are given by:

XZ = X1 + l2 COS(Gl + 92) (8)
Y2 =y1+ lysin(6; +6;) 9)
S2 =%+ y? (10)
Where Wy = 91 + 92,
1 1 . .
KEZ = Emzszz + 511(91 + 92) (11)
1 . 1 . .
KEZ - Emzlzlglz + Emzlzz(el + 92)2
+ mzlllzél(é1 + 92) cos 6,
. )
+ 1 (6 +6,)" (12)
PEZ = ngll Sln 91 + ng lz Sln(91 + 02) (13)

The total kinetic energy of the manipulator system
is:
KE = KE1+ KE>
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11 1
KE = (Emll 1 +§m2l 1 +Em2l2

1 1 .
+ mzlllz cos 92 + EI]_ + 512)821

1 1 .
+(§m2l22 + 512)92 + (myl?,

+ mylyl, cos 0, + 1,)0,6, . (14)
The potential energy of the manipulator system is:
PE = PE:1+ PE>
PE = (m; + my)gl, sin6;
+m,g L, sin(6; + 6,). (15)

To deriving the dynamics of the two-link robotic
manipulator, first applying the Lagrange equation as
following:

L =KE - PE

1
Emzlzl + Emzlzz

1 1
L= (—m1l21 +
2
+ m,ly 1, cos 6, + %112 + %122)921
1 1 22
+(Em2l22 + 512) 02 + (mzlzz
+ mzlllz coSs 92 + 12)9192 - [(m1

+ my) gl sin6; + myg 1, sin(6, + 6,)].
(16)

Second applying the following Euler-Lagrange
equation:
d (oL L 17
dt\a6,) 06, " (7

7; denotes the generalized coordinate torque exerted

on joint 6;.

For the coordinate 6; Euler-Lagrange equation is:

_d oL\ odL
 dt\aé,

0. (18)

T1
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d(d 2 2 2
E(d_gj = b+ moli” + mal 7, = [myly? + mylyl, cos 6, + 1,6,
+2,01, cos 0, + I, + 1,] 6, +[myl,? + L]6, + [myly 1, sin 6,16,
+[m2l22 —mylyl, cos 0, 12]92 +m,gl, sin(6; + 6,). (25)
+[2m,141, sin 6,16,6,
5 2 - . .
+ [m,L,L; cos 0,16, . (19)  B. Deriving Block Diagram of the Nonlinear
Model
dL Starting by defining the following vectors and matrices:
0= —(my + my)gl, cos 6,
! _[61 _[" _[Mi1 My
—m,g 1, cos(6; + 6,). (20) 6 = 92], T, = [TZ], M= [ Mzz]’
N N C C G
7y = [[my +mally® + myly? + N=[vt ne]eelgr g2fande=[g)
2mylyil, cos 0, + I, + 1,16, +
24142 2 1 2] 1 M11 — [(m]_ +m2)112 +m2122 +
[m2l22 + mylil; cos 6, + 12]92 - 2mylyl; cos 0, + 1 + 1],
[2m,l,1, sin 6,16,6, — My,=[m,l,* + mylil, cos 6, + I,].
[mzlllz sin Hz]ézz + (m1 + M21:[m2122 + mzlllz cos 02 + [2]
_ 2
m,) gl cos 8, +m,gl, cos(6, + 6,). (21) My2=[myl," + L]
Ni; =0
Similarly, for the coordinate 62, the Euler-Lagrange’s Ny = [—mylyl, sin 6,]
equation is: 12 2z 2
Ny, = [myl4l, sin 6,].
_d(d dL
2= 4\as,) ~ a6, @2) Na2=0.
Cll = [_mzlllz Sin 62]
d(d)\
dt d_92 N Ciz = [-malyl; sin 6, ]
[mleZ +m21112 C0562 +12]91 + C21:0
[m,L;L, sin 6,]6,6,. 23) G11=[(my + my) gl cos 6; + mygl, cos(6; + 6,)]
dL . G12= l 0, +0
= (myly L, sin 92)912 12=[mzgl; cos (6, 2)]
2

o Where:
—[my 141, sin 6,16, 6, . . . .
M: is the inertia matrix,

—m,gl, cos(0; + 6,). (24)
G: is a vector of gravity torque,
N and C: are the matrices of, Coriolis and
Centrifugalforces.
31
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To simplify modeling, (21) and (25) are placed in matrix
form as following:

T, = MO, + N&;" + C(6,60,) + G (26)

b, =M |1, — N6 — C(6,6,) — G 27)

The next Fig. 2, shows the block diagram of the two-link
robotic manipulator mathematical model which is built
from (27).

iji HI 91
" L g 1 1
7 —> 9,-=|'~r1'1[1i-|suzli - ¢(8,0,) -G S - ol - —
1
Figure 2. Block diagram of the two-link robotic manipulator
mathematical model

I11. The Control Strategies

In this section, the design and implementation of the
control strategies are presented for trajectory tracking of a
two-link robotic manipulator. Where, in the following, the
PID controller is presented at first subsection. Then at the
second subsection, the development of feedback
linearization is presented to get an ideal linearization of the
nonlinear dynamics. Moreover, at the third subsection, the
model predictive controller and its design for the two-link
robotic manipulator is developed by utilizing the feedback
linearized system of the nonlinear dynamics. The main
goal of this work is to determine the best stable control
strategy that can accurately move the robotic manipulator
along the desired trajectory.

A. Proportional Integral Derivative Control

The Proportional Integral Derivate Controller (PID) is
implemented to control the two-link robotic manipulator.
Two PID controllers are needed for each link. Since link1
and link2 are mechanically connected, therefore, they are
dependent on each other. As a matter of fact, there is a
strong interaction between the two links. So, the coupling
effect needs to be decoupled so as to gain enough freedom
in order to control each link freely [14]. The objective of
the robotic manipulator control is to design the input
torque as shown in (26), such that it drives the tracking
error to zero. The tracking error is defined by the
difference between the desired and the respective
measured joint link angle as following:
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input; e
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ei(t) = 04 (t) = i (1) (28)
In a typical PID method, the controller corrects the error
between the desired input value 6;; and the measured
value 6, . Since the actual position is the measured signal
0;m , and the PID control law is expressed as:

upip(t) = Kype(t) + K, [ e(t) dt + Kp =2 (29)
In this work, the controller parameters (Kp, K;, K,) are
designed based on trial & error method. So, the
proportional action is the main control, while the integral
and derivative actions refine it. The controller gain, Kp, is
adjusted with the integral K;, and derivative K, actions
held at a minimum, until a desired output response is
obtained [15,16]. In the next, Fig. 3, shows the general
block diagram of a two-link robotic manipulator control
loop using two PID controllers.

output,

X1

h 4

Prosess Senssor

h

output;

Figure 3. General structure of a robotic process control loop
using two PID controllers

B. Feedback Linearization of the Non-linear
Dynamics

The idea of feedback linearization is to perform a
transformation on the system input that makes the system
linear between new input and output. This transforms the
nonlinear system dynamics into fully or partly linear ones
[17].

1. Linearization analysis of the nonlinear model (by
using feedback)

In this subsection, in order to clarify the possibility and the
ability of application of the feedback linearization control
technique, the nonlinear model of two-link robotic
manipulator is analyzed and transformed to make the
design possible and realizable. First of all, to achieve the
transformation, some variables are needed to be
reintroduced as following:

91 = xl'

W
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6, and @, are obtained from (21) and (25) respectively as
following:

1

ﬁl = = > . * [1y
[[m, +mylly™ + myly” + 2mylyly cos 8, + 1y + I:I

—[mzfz2 + mylily cos 6y + 12}9}, + [2myly 1, sin széléz
+Imaly 1y sin 03j032 — (my + my)gly sin 0y —magly sin(0y + 0,)]

(30)
and

1 ..

f, = ek [1, = [m, L% + Ml L, cos B, + 1, |8
2 lmzi22+fz] [z2 [22 2l1tz 2 2}1

—[myly L, sin 6,16 z—m- I, sin(6, + 6
[malyl, 216 291, sin(8, 2)] (31)

The manipulator’s state-space nonlinear model is as
follows:

Xy = Xy, Xy =04,
X3 = Xy, Xy = 0,,
yi=0; =x, V2 =03 = x3.

To achieve feedback linearization here, the non-linearity
must be separated and returned to the input, creating a
system with separate linear dynamics and separate
nonlinear static input function as demonstrated below:

0
A
U= 0
6, (32)
The system state space equations are
X=AX+BU
*1 0 1 0 0][*] [0 0 0 0][O
| |0 00O xz+0100 d,
317 |0 0 0 1] |x3 00 0 0|0
X4 0 0 0 0] [x 0 0 0 1) L6,
(33)
Y=0CX
X1
J’1I:[81]=I1 0 0 07 [*2
Y2 a, 0 0 1 0l'fx3
X4
(34)
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The transformed state space model, described by (33) and
(34), has separated linear dynamics and nonlinear
characteristics at the input interconnected through feeding
back of the linear part states. This form clarifies the way
of how to linearize the system by compensation of the
nonlinear characteristics through feedback control as
shown in the next subsection. Fig. 4, shows the separated
nonlinear and linear parts of the two-link robotic
manipulator with feedback interconnections.

“
-

6 1
' - - — Ul gx-axs+Bu| Y=
6; = M~ 7, — NOF — C(0;02) — G] - '

- Y=CX
0;

-
=

Figure 4. The transformed model of separate nonlinear
characteristics and linear dynamics with feedback
interconnections

2. Design of the Feedback Linearization Control /
Feed Forward Control

The Feedback Linearization Controller (FLC) is an
influential nonlinear controller for certain systems. This
method is based on calculating the required manipulator
torque using the nonlinear feedback control law. When all
dynamic and physical parameters are known, a feedback
linearization control works outstanding [18]. Similarly,
feedforward control is used to compensate for measured
disturbances before they affect the system output. Ideally,
given a perfect model of the system and an error free
measurement of the disturbances, it is possible to entirely
eliminate the effect of the disturbances [19,20].In this
paper, the feed forward control works as feedback
linearization control. So, the state space system given in
(33) and (34), is combined with a feed forward decision
controller to reject the nonlinear input-disturbances shown
in (32), and as consequence, results the ideal linearization
for the model of the two-link robotic manipulator system.
From (26) and (27), we get the feedback linearization
control law as following:

T; = MU,: + Néiz + 6(9102) +G (35)

Where v; is the control signals vector and

=[]

The following Fig. 5, presents the feedback linearization
controller of the two-link robotic manipulator.

(36)
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v, =[Mpy, +N6?)+C(8,6,)+G] —> 7,

Vi ——>

Figure 5. Feedback linearization controller for the two-link
robotic manipulator

By using the feedback linearization controller to reject the
nonlinear input disturbances of the robotic manipulator
system, the ideal linearization for the non-linear dynamics
of the robotic manipulator has been done. The following
Fig. 6, presents the feedback linearization control loop,
which product the ideal linearization of the two- link
robotic manipulator model.

0; Vv |
T N : ’
v Feedback linearization z| Transformed state 8;
—> controller (Figure. 5) > sps.l.l:e model —>
(Figure. 4)
1 |

0
Figure 6. feedback linearization control loop of the two-link
robotic manipulator

3. MPC control design by utilizing the linearized
model

Model predictive control (MPC) is an advanced optimal
control method, that has significant and widespread impact
in control of industrial processes [21]. In order to
implement this control strategy, the basic structure of MPC
controller shown in Fig. 7, below has to be introduced. In
MPC controller, a model is used to predict the future
system outputs, based on the past and current values and
on the optimal future control actions. These control actions
are computed by an optimizer to minimize a cost function
for a constrained dynamic system [22]. The MPC
determines the control law implicitly. This shifts the effort
for the design of a controller towards modeling of the
process to be controlled [23].

The following Fig. 7, shows a typical structure of a general
model predictive control system.
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MPC Controller

Constraints ~ Cost function

Reference ! Future
Control action :

: : o+
trajectory :

mizer

M

Futnre Inpute

Opti

\I Process ]——-)

e 10t . ¥ :
Prediction Current and ¢

outputs past outputs

Figure 7. Typical structure of model predictive control

The controller is designed, so that the following cost
function J is minimized:

t
] = fez(n)dn > min.
b

In this paper, three-steps MPC design for trajectory
tracking control of a two-link robotic manipulator is
implemented, where first, a feedback linearization
algorithm is implemented as shown in Fig. 4 and second,
a feedback linearization controller is developed as primary
controller, see Fig. 5, so that to make the model of the
manipulator system ideal linear as shown in Fig. 6. Once
the ideal linear model was obtained, then as a next step, a
linear model predictive control is designed based on the
resulted linear model to function as secondary controller.
Linear MPC control technique in closed loop can now be
applied to make every link of the robotic manipulator
follows its desired trajectory. Fig. 8 below shows the
general structure of the two-link robotic manipulator
linearized model, based on the feedback linearized model
and the feedback linearization controller works as primary
controller, and cascaded with a linear MPC secondary
controller in closed loop.

Y = By(measured

8, (desired) Linearpey || Feedback linearization 2

>

controller  [2]  control loop (Figure. 6)

T

Figure 8. General structure of the linearized model of the
robotic manipulator controlled with a linear MPC controller in
closed loop

Catput
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IVV. Simulation and Results Discussion

In this section, the physical-mechanical parameters used in
the simulation for both control strategies applied on the
two-link robot manipulator system are presented in
TABLE I. below. Then, in Sections IV.A. and IV.B.,
simulation results will be presented by using PID control
technique, as well as by using MPC control technique
accordingly.

TABLE I. PHYSICAL MECHANICAL PARAMETERS FOR THE
TWO- LINK ROBOTIC MANIPULATOR

Variables and Parameters | Symbols Values | Uints
Rotational displacement of link1 i} variable | degree
Rotational displacement of link2 8, ' ~ degree
Torque of link1 T ~ Nm
Torque of link2 T; ~ Nm
Length of linkl L, 0.2 m
Length of link2 L; 0.13 m
Mass of linkl my 0.41247 kg
Mass of link2 ms 0.06550 kg
Moment of inertia for motor 1 I 0.07143 | kg/m*
Moment of inertia for motor 2 I 0.07143 | kg/m?
Acceleration of gravity g 9.81 m/s?

A. Simulation and Results of Using PID
Control Technique

In this subsection, the Simulink model of a two-link
robotic manipulator with PID control technique is
constructed from the nonlinear model, which already
derived in (27) and shown in the Fig. 2 too. Fig. 9 below
shows Simulink model used in tuning of PID controllers
for the two-link robotic manipulator.

Taraust
Outt f—f

Mortinesr moded of
the two-lmk mbatic
manipulator

PR Controller? Saturation?

Add2

Figure 9. Simulink model of PID controllers tuning for two-link
robotic manipulator

The Saturation block in the Simulink model shown above
is to constrain the control signals based on the hardware
limits. The tuning of control parameters is done manually
and the best performance of the controller’s parameter
values present in the TABLE II. below:
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TABLE Il. PID CONTROLLER PARAMETER FOR THE TWO-LINK
ROBOTIC MANIPULATOR

Controller parameter Link1 Link2
k, 50 30
k; 20 20
kp 10 5

By running the simulation model of the two-link robotic
manipulator shown in the Fig. 9 by using the control
parameters as indicated in TABLE Il. above, it can be
noted at Fig. 10 and Fig. 11 below that every link of the
robotic manipulator, follow the desired trajectory superbly
but with overshoots or undershoots, at every interaction
between the angles of the robot links. The overshoots
shown in Fig. 10 and Fig. 11, result from the nonlinearity
in the manipulator system, which is clearly shown in the
block diagram of its model in Fig. 2. Fig. 12 and Fig. 13
below show the control signals for link1 and link 2 of the
robotic manipulator, respectively. As can be seen the
control signals v, and v, reach zero when the links of the
robotic manipulator reach their desired trajectories.

Control for link1 by using PID controller

250
200 r{\\
T 150
o i
b
2 100]
o
f =
©
€
5 50|
——thetal-measured
—==-theta1-desired
0
% 10 20 30 40 50

tins

Figure 10. Control for link1 by using PID Controller

Control for link2 by using PID controller
40

20

-20

Link angle [degree]

-40|
-60)
-80 | ——theta2-measured
——-theta2-desired
-100
1205 10 20 30 40 50

tins

Figure 11. Control for link2 by using PID Controller
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PID control signal for link1

100,
80

60

40|

20

-20)

Control signal vy

-40)

-60)

-80)

-100

20 50

tins

30 40

Figure 12. PID Control signal for link1

PID control signal for link2
100

80

60

40

20

-20)

Control signal v,

-40)

-60)

-80)

-100

20 30 50

tins

40

Figure 13. PID Control signal for link2

Simulation and Results of Using MPC Control
Technique

The Simulink model of a two-link robotic manipulator,
controlled with linear MPC controller, has been

constructed from subsystems for transformed state space
model (feedback linearization analysis), and feedback
linearization controller as shown in the Fig. 8 in section I11.
Fig. 14 below shows a Matlab-Simulink model for model
predictive control
manipulator:

tuning of the two-link robotic

Figure 14. Simulink model for the two-link robotic
manipulator controlled using MPC
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The MPC controller is designed to follow trajectories of
every link of the robotic manipulator. The following
TABLE Ill. shows the MPC parameters that used in the
Simulink model of the two- link robotic manipulator
system.

TABLE I1l. MPC CONTROLLER PARAMETERS

MPC parameters values
Sampling time D.1ls
Prediction horizon 20
Control horizon 2
Manipulated variables(MVs) [1,3]
Unmeasured disturbances [2,4]
Measured outputs [1,2]
States, inputs, outputs 4472

Fig. 15 and Fig. 16, below demonstrate the convergence of
the joint angles 6, and 6,, respectively, to their reference
trajectories, using the MPC control technique. It is
noticeable that the MPC control approach results in a fast
and asymptotic convergence of both joints variables
without overshooting or undershooting.

Fig. 17 and Fig. 18 below show the MPC control signals
and Fig. 19 and Fig. 20 show the feedback linearization
control signals, for linkl and link 2 of the robotic
manipulator, respectively. As can be seen the control
signals v; and v, reach zero when the links of the robotic
manipulator reach their desired trajectories, the feedback
linearization control signals T, and T, are relatively low

energy, which results torques with low energy
consumption.
Control for link1 by using MPC controller
200 -
150 X \
100 'y

o
O

Link angle [degree]

——thetal-measured
===thetal-desired

50

-50,

20
tins

30 40

Figure 15. Control for link1 by using MPC Controller




Asma Eswehli And lIzziddien Alsogkier

Feedback linearization control signal for link1
1

08
Control for link2 by using MPC controller
40 06
20 04
1 e
= 02
0 5
T 3 ° 1
5 -20 =1
g § -0.2] l
2 -40 04
S
£ 60 06
| = theta2-measured
80 ===theta>-desired |} 08
k o 10 20 30 40 50
-100 tins
420 Figure 19. Feedback linearization control signal for link1
0 10 20 30 40 50
tins
Figure 16. Control for link2 by using MPC Controller
Feedback linearization control signal for link2
MPC control signal for link1 )
15

n

Control signal T2
(=]

Control signal v,

0 10 20 30 40 50
tins
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Figure 17. MPC Control signal for link1
V1. Conclusion

MPC control signal for k2 In this work, a standard PID control approach was

15 proposed for controlling a two-link robotic manipulator,
designed by trial & error method, as well as a novel MPC
control approach. The MPC approach starts first by
5 linearizing the nonlinear dynamics of the robotic
. | manipulator. This was achieved by deploying a feedback
v ( linearization analysis and control that results an overall
5 feedback control system with linear behavior which can
simply be represented by a linear state space model with
input disturbances. In another words, the nonlinear
15 dynamics of the two-link arm robot was first controlled by
using a primary feedback linearization control loop (feed
20 100 200 300 200 500 forward control) to compensate the undesired nonlinear
Samples characteristics of the manipulator. Consequently, the

resulted overall system can be modelled by a linear model,

Figure 18. MPC Control signal for link2 since the robotic manipulator system behavior became like
an ideal linear system. Now, based on the linear model of

the feedback linearized system, as a secondary control

loop, a model predictive control was developed, and a

Control signal v,
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linear MPC controller was synthetized according to its
setup parameters. The PID control system behaved fine but
it was with overshoots and undershoots at every interaction
between the robot joints. Model predictive control behaved
fine without overshoots and undershoots, this is due to that
model predictive control (MPC) is capable to consider
constraints, on both states and inputs of the system, as
mentioned in [24]. The conclusion of this work is that the
novel MPC control strategy could perfectly eliminate
overshoots and undershoots resulted from the interaction
of the robot joints, while the PID control system has failed
to eliminate them. So MPC is the go-to option for robotic
arms with stringent performance requirements. From the
simulation results, we can also conclude that the MPC
stategy is ideal for systems with multiple disturbance
variables and multiple constraints as by the robotic arm.
As for simpler systems with defined dynamics and simple
implementation or robotic arms with unstringent
performance requirements PID control is sufficient.
Furthermore, the experimental application of the real-time
MPC control strategy is proposed as future study after the
designing and building of a two-degree-of-freedom robotic
arm manipulateors.

References

[1] M.K. Gupta. (2023). “Common Challenges in Control
of Industrial Manipulators: A Review”. Online
Journal of Robotics & Automation Technology.
Volume. 1, Issue: 5, ISSN: 2832-790X.

[2] M. Baccouch, S. Dodds. (2020). “A Two-Link Robot
Manipulator: Simulation and Control Design”.
International Journal of Robotic Engineering,
Volume: 5, Issue 2, ISSN: 2631-5106.

[3] A. Denker, D.P. Atherton. (1994). ‘“No-overshoot
control of robotic manipulators in the presence of
obstacles”. Journal of Robotic Systems, Volume:11,
Issue:7, Pages: 665-678.

[4] M. Shamsuzzoha. (2018). PID Control for Industrial
Processes. Published in London, United Kingdom,
Intech Open.

[5] P. Chotikunnan, R. Chotikunnan. (2023). “Dual
Design PID Controller for Robotic Manipulator
Application”. Journal of Robotics and Control.
Volume: 4, Issue: 1, January 2023, ISSN: 2715-5072.

[6] A.T. Bankole, M. B. Mu’azu and E. E. C. Igbonoba.
(2023). “Trajectory Tracking of a Data-Based Model
of a Two - Link Robotic Manipulator Using Model
Predictive Controller”.

[71 The 2nd International Electronic Conference on
Processes: Process Engineering—Current State and
Future Trends (ECP 2023), Volume: 37, Issue: 1.

Journal of Academic Research, VOL 28, Issu 2, 2024

[8] M. Elsisi, K. Mahmoud, M. Lehtonen, M. M. F.
Darwish. (2021). “Effective Nonlinear Model
Predictive Control Scheme Tuned by Improved NN
for Robotic Manipulators”. IEEE ACCESS. May 4,
2021. Volume: 9, Pages: 64278-64290.

[9] A. Derouich, and M. Said. (2023). “Robotic Arm
Control Using Dynamic Model Linearization and
Model  Predictive  Controller”.  International
Conference on Digital Technologies and
Applications ICDTA 2023. Volume: 669, Pages:
881-892.

[10]S. E. Kara, O. Yigid, M. Sen, M. Hiiseyinoglu.
(2023).” Model Predictive Trajectory Tracking
Control of 2 DoFs SCARA Robot under External
Force Acting to the Tip along the Trajectory”. Dicle
University Journal of Engineering. Pages: 325-332.

[11]M. Karahan. (2024). “Feedback Linearized Model
Predictive Control of a Two Link Robot Arm”.
International Journal of Multidisciplinary Studies
and Innovative Technologies. Volume: 8, Number: 1,
Pages: 35-39.

[12] E.H. Guechi, S. Bouzoualegh, L. Messikh, S. Blazic.
(2018). “Model predictive control of a two-link robot
arm”. International Conference on Advanced
Systems and Electric Technologies (IC_ASET).
IEEE, March 2018.

[13]T. V. Zudilova, S. E. Ivanov. (2016). “Mathematical
Modeling of the Robot Manipulator with Four
Degrees of Freedom”. Global Journal of Pure and
Applied Mathematics. Volume: 12, Number 5.
Pages: 4419-4429 © Research India Publications.

[14] A. A. Okubanjo, O. K. Oyetola, M O. Osifeko, O. O.
Olaluwoye and P. O. Alao. (2017). “Modeling of 2-
DOF Robot Arm and Control”. Futo Journal Series
(FUTOJNLS), Volume: 3, Issue: 2, Pages: 80-92,
December 2017.

[15]M.A. Johnson, M. H. Moradi. (2005). PID Control
New ldentification and Design Methods. Springer-
Verlag London 2005.

[16] M. Chidambaram, N. Saxena. (2018). Relay Tuning
of PID Controllers for Unstable MIMO Processes.
Published by Springer Nature Singapore.

[17] G. Klan&ar, A. Zde3ar, S. Blazi¢, 1. Skrjanc. (2017).
Wheeled Mobile Robotics from Fundamentals
Towards Autonomous Systems. 1st Edition - January
10, 2017, Published by Elsevier Inc.

[18]M. Vesovi¢l, R. Jovanovi¢l, L. Laban, U. Bugaric.
(2021). “Feedback Linearization Control of a Two —
Link Gripping Mechanism”. X International
Conference (Heavy Machinery-HM 2021), June
2021.

[19]M. Bisgaard, A. La Cour-Harbo, K. A
Danapalasingam. (2010). ‘“Nonlinear Feedforward
Control for Wind Disturbance Rejection on
Autonomous Helicopter”. Published in: IEEE/RSJ




Asma Eswehli And lIzziddien Alsogkier

International Conference on Intelligent Robots and [22] E.F. Camacho, C. Bordons. (1999). Model Predictive

Systems, Pages: 1078 — 1083, ISSN: 2153-0858. Control. Springer Verlag London.

IEEE Press. October 2010. [23] M. Schwenzer, M. Ay, T. Bergs, D. Abel. (2021).
[20]1. Alsogkier, C. Bohn. (2017). “Rejection and “Review on model predictive control: an engineering

Compensation of Periodic Disturbance in Control perspective”. The International Journal of Advanced

Systems”. The international journal of engineering Manufacturing Technology. Published: 11 August

and information technology (IJEIT), Volume:4, 2021. Volume: 117, Issue: 5-6, Pages: 1327 - 1349.

Decmber 2017, Pages:44-54. ISSN 2410-4256. [24] D. Limén, I. Alvarado, T. Alamo, E.F. Camacho.
[21]J.M. Maciejowski. (2003). “Predictive Control with (2008). “MPC for tracking piecewise constant

Constraints”. 1st Edition, published by Prentice Hall, references for constrained linear systems”.

First Published: 31 March 2003, Volume: 17, Issue: Automatica, Volume: 44, September 2008, Pages:

3, Pages: 261-262. 2382-2387.

39

Journal of Academic Research, VOL 28, Issu 2, 2024



Trajectory Tracking Control of Two-link Robotic Manipulator Using PID and MPC Controllers

aladiuly Ala gl) ALE AY) J gliall jlecal) aii A asadl)
MPC 3 PID psail) &lasg

sall cpal) e ey gud) sland

L e ol Rl ¢ atigl RIS o pulall 5 dily 5oS o

uadlall
u‘)\sﬂjhﬁ\‘;m&i‘)}m‘)mt\ﬁwﬂéﬁfu&mw“\)ﬁujuﬁ:éﬂ\ﬁ)}\o.\h&é\_\.\ C‘JJL:“ :‘jJ}M Caling .“\
Culluf BlSlaa 5 avaral daiay sl glaill aiay ABal) Cum (ge Cptiadil i aiill il Gl iy /Ui
Cal . 5 . el - . . . . . . . . .._t.\:\ - e B
AUail) Aadal aaind 5y sliall aUail sainall Cilaalipall ol 5 z3gal pyghai o Lgd oSal Gt Cols ol

Alalsl) claidally oSadll dpas) yis) oo V) D) i) moaY- bl c¥als e Al
W s a5 4 5l 45yl e (online) L aSadiall ana 5 asana (5585 5 (PID) dpanilil “dgalidal CilaKl)

aSatll Gyl il Al At ¥ Y1 el Gealia b oSal 5 il Ll o .
At aaids Jlad A Ll lpasead adiny Hly caanll (MPC) aisall gt @3l pSaid e

el lall e 3 saill aasis 5 (feedback linearization analysis) dasSal 35l
(feedback AsuSall 4daall alasiuly aUail) dlad 3 Saill dn ) i) apanadl saieall ) slial) uua—wd\ aSai e
oo gl Jadll zasaill I aliu) &5 Al oSa 36aS Jeall linearization control) Apull) el
i «(feedback linearization control) dsSall Ll alaainly HUaill ddad & HSa) Aghall 8 Saill e
SlSlaall ilis ¢ jelal Ay gil8 oSt alaS Wk 5 Aadll MPC oSad 3a 5 265 aseca Sl a

L2l MPC (s 30l aSaill Lol il o edia 31 llaioa¥) 45 e IR o Lass ¥ eyl
Sl dasi) i) aladind e <l slail) & ek Cus ¢ PID aSadl) dagi i) e (5 sy o inaill aSas e

. MPC (5 325 aSatll Gans) yin) (ke i Lalas i) iS5 PID dsalaY)
S Yl e
FUO
40

Journal of Academic Research, VOL 28, Issu 2, 2024



Asma Eswehli And lIzziddien Alsogkier

Biographies

Asma Eswehli was born in Alkoms /Libya, on January 26, 1983. She received B.Sc. degree
in Electrical and Computer Engineering from University of EImergib, in 2005. She got M.Sc.
degree in Process Automation Engineering from Technische Universitdt Clausthal,
/Germany in 2014, where she is currently lecturer in the Department of Electrical and
Computer Engineering, Mechatronics Engineering Field at the Faculty of Engineering,
Elmergib University, Alkhoms, Libya. Her research field is System Identification and its
implementation in mechatronic systems, Kalman filter and its implementations in control
engineering, Design, Analysis, Implementation and Control of mechatronic systems and
robots.

Izziddien Alsogkier was born in Tripoli, Libya, on September 09, 1972. He received B.Sc.
degree in Control Engineering from the Faculty of Electronic Engineering, Bani-Walid,
Libya in 1995. He got M.Sc. degree in Control Engineering from the Leibniz Universitat
Hannover, Germany in 2006. From 2006 to 2008, he was an assistant lecturer at the
Department of Electrical and Computer Engineering, Control and Mechatronics Engineering
at the Faculty of Engineering, Elmergib University, Alkhoms, Libya. In 2015, he got the
Dr.-Ing. title from Technische Universitat Clausthal, Germany, where he was with from
2009 to 2014 at the Institute of Electrical Information Technology, Control and
Mechatronics Engineering Department. Currently, he is an Associate Professor in the
Department of Electrical and Computer Engineering, Control and Mechatronics Engineering
Fields at the Faculty of Engineering, EImergib University, Alkhoms, Libya. His main topics
of interest are computer control systems, adaptive control systems, system identification and
its implementation in control and mechatronics, control systems with periodic disturbances
and passive/active control of vibration.

41
Journal of Academic Research, VOL 28, Issu 2, 2024



